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Summary
Laser milling is a new application that is challenging for the power contained in the 
laser light. Due to its small unit of material removal, accuracy and repeatability, laser 
milling has found an application area in micro manufacturing, especially the 
manufacturing of microtools. There is a number of micro manufacturing and 
replication processes on the market at present. Their needs raise the requirements that 
have to be met by the microtool manufacturing process.
Initially, the requirements of micro manufacturing processes, such as micro-injection 
moulding and hot-embossing, are identified and compared to what the laser milling 
process can achieve. An investigation is carried out to identify the capabilities of the 
laser milling process and match them to these requirements. The investigated process 
characteristics are surface finish, aspect ratio, accuracy and minimum feature size.
Furthermore, as surface finish is identified to be a considerable constraint, an 
investigation is undertaken to improve the resulting surface finish obtained from the 
laser milling process. A two-dimensional theoretical model is developed to 
investigate the crater formation on a metal target by a microsecond laser pulse. The 
model takes into account the absorption of the laser light by the target, and simulates 
the heating and vaporisation of the material, including an adjustment to compensate 
for the change of state. A simple numerical technique is employed to describe the 
major physical processes taking part in the laser milling process. Experimental 
validation of the proposed model is provided for two common tooling materials.
To investigate the formation of the material surface after laser milling, a complex 3D 
surface model is presented based on the single crater profiles o f the 2D theoretical 
model together with a consideration for the overlapping o f the craters. Additional 
factors, that are influential in the formation of the final material surface, are also 
considered and their effect on the surface roughness estimated.
Finally, a number of techniques for reducing surface roughness are presented. Laser 
cleaning is a technique that utilises the de-focused laser beam to “smooth out” the 
material surface irregularities. The other three techniques are applied after laser 
milling, and are ultrasonic cleaning bath, chemical pickling and electro-chemical 
polishing.
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Chapter 1 Introduction
1.1 Motivation
Laser milling is a new and rapidly emerging manufacturing process. It is based on the 
laser ablation phenomenon in which a target material is exposed to highly focused 
pulsed laser light. Due to its high energy density, the incident laser heats up the target 
to such high temperatures that a small volume of material is instantly evaporated. 
Scanning the pulsed beam along the top surface of a target removes material in a way 
similar to conventional milling. However as a relatively new technology, the 
manufacturing capabilities of the process are still not well defined and in order to 
properly apply the process, its capabilities have to be mapped against the requirements 
of the possible applications (Lierath et al, 2003; Kaldos et al, 2004).
One such application area is the microtooling industry, where the need for accurate 
and relatively small features is fuelled by the increasing world market demand for 
product miniaturisation. New micro-manufacturing technologies, such as micro­
injection moulding and hot embossing, raise a number o f challenges for the tool 
manufacturing process. These challenges have to be identified and turned into 
quantifiable process requirements, so that an appropriate manufacturing process could 
be identified.
1.2 Objectives
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The aim of the project is to map the requirements of applications such as micro­
injection moulding and hot embossing and apply them to laser milling as a microtool 
manufacturing process.
The project will cover the investigation of the tool manufacturing process, which will 
be carried out in order to fit its capabilities to the needs of the two applications. As 
micro fabrication applications, micro-injection moulding and hot embossing both 
present a set o f requirements to the micro tooling process. Some of these 
requirements may be the same, but probably each of the applications will have its own 
different requirements. For example, in micro-injection moulding, a draft angle is 
required on deep walls, while in hot embossing such a draft angle is not reported. On 
the other hand, both processes demand a good surface finish, due to the fact that in a 
micro component, unless care is taken, roughness can compare to the feature size.
The expected set of requirements concerns:
• Surface finish
• Aspect ratio
• Accuracy
• Minimum feature size
After identifying these requirements, laser milling can be tested and the process 
capabilities identified. A set of experiments are to be designed and carried out on the 
laser milling machine for each requirement, and then the results to be measured and 
compared to the identified values. The structure of the test components will probably
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represent the application process capabilities, but some identical features will provide 
ground for comparison.
Surface roughness is expected to be a great challenge for the laser milling process. 
Thus, the factors and process parameters that govern the resulting surface topography 
are to be investigated in-depth. The average surface roughness achieved by laser 
milling is in the region o f 2 pm, but this shows a high dependency on the type of 
target material used. Through a laser material interaction model o f the process, it is 
possible to create a model o f a single crater from a single laser pulse. After 
confirming the accuracy o f the crater model with two different tooling materials 
through a number o f validation experiments, the single crater model can be useful in 
better understanding the influence of different parameters on the laser milling process.
The crater profiles obtained from the theoretical model are to be utilised for creating a 
model o f a laser milled 3D surface. The surface model will provide a comprehensive 
view of the topography o f the laser machined surfaces and will be used to identify the 
effect and importance of the different laser milling parameters on the surface 
roughness. Parameters such as laser beam power and laser spot size are expected to 
be most influential on the shape and size of the single craters, while marking speed, 
laser pulse frequency and hatching distance, i.e. overlapping, to be more significant in 
the more complex (3D) surface topography models (Kaldos et al, 2004).
The next objective is to investigate a number o f techniques for cleaning and 
improving the surface roughness: ultrasound bath, deoxidisation (or pickling), laser 
cleaning and electrochemical polishing. The ultrasound bath and deoxidisation
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processes offer a non-intrusive cleaning of the debris and recast layer left from laser 
milling. Laser cleaning is a process based on the laser milling principles, but with 
such a set-up that the laser beam is out of focus in the work plane. Thus, the laser 
only “irons out” the surface irregularities left from the preceding laser milling 
operation.
Electrochemical polishing streamlines the microscopic surface of a metal object by 
removing metal from the object's surface through an electrochemical process. In very 
basic terms, the object to be electrochemically polished is immersed in an electrolyte 
and subjected to a direct electrical current. The object is maintained anodic, with the 
cathodic connection being made to a nearby metal conductor.
The effects o f all cleaning processes on the roughness of laser milled surface are to be 
investigated. A sequential combination of processes is also possible for further 
improvement of the surface quality.
1.3 Outline of thesis
Chapter 2 presents an in-depth account of two of the latest micro-replication 
techniques: micro-injection moulding and hot-embossing. A discussion of available 
micro tool manufacturing processes is carried out, together with an analysis of their 
capabilities. The chapter continues with a description of the state-of-the-art laser 
milling process. The governing factors of the ablation process are discussed and the 
key parameters identified. An extensive review of the physical phenomena
Chapter 1 Introduction
underlying the laser/material interaction is presented to better understand the material 
removal process.
Chapter 3 takes a closer look at the micro-manufacturing capabilities of the laser 
milling process. Four process characteristics are identified as being of significance 
for the micro-tooling applications: surface finish, aspect ratio, dimensional accuracy 
and minimum feature size. An experimental investigation is carried out for each of 
the process characteristics. The capabilities of laser milling are measured for each 
characteristic and improved where possible.
In Chapter 4, a comprehensive account of the latest and classical theoretical models of 
laser ablation is presented. These models cover a wide range of laser ablation 
processes: continuous wave (CW) and pulsed laser, stationary and moving laser, and a 
wide range of pulse durations, from microsecond pulse laser to the ultrafast 
femtosecond. A description is given of the theoretical model developed by the author 
to simulate the material removal from a microsecond Nd:YAG laser (X = 1064 nm). 
A numerical solution for the heat conduction equation with a volume heat source 
resulting from the absorption of the laser light is proposed. The theoretical model also 
takes into account the change of state for the target material. The chapter concludes 
with the results from an experiment carried out to measure the profile of the material 
removed (crater) from a single laser pulse. Two different materials were selected for 
the simulation validation: aluminium 6082 and stainless steel Grade 316.
Chapter 5 further develops the modelling of the laser milling process to investigate the 
factors that are significant in the formation of the 3D surface. The factors are
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separated in two groups: base surface formation factors and secondary surface 
formations. The base surface is shaped mainly by two laser milling process 
characteristics: the crater profile and the overlapping o f the neighbouring craters. The 
secondary surface formations are basically the factors that are detrimental to the final 
surface finish, such as debris and recast formations, and the crater shape 
imperfections.
Chapter 6 introduces four methods for cleaning and improving the surface roughness 
of a laser machined surfaces. The four techniques are: laser cleaning, ultrasonic 
cleaning, deoxidisation (orpickling), and electro-chemical polishing (ECP).
Chapter 7 summarizes the contributions in the presented work, together with the 
major conclusions. The chapter concludes with suggestions for future research.
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In this chapter, a review of micro replication processes is presented, namely 
microinjection moulding and hot embossing. A discussion o f available micro tool 
manufacturing processes is carried out, together with an analysis of their capabilities.
Later in the chapter, an extensive review of the physical phenomena underlying the 
interaction between a laser beam and a workpiece and the mechanisms governing the 
ablation process is introduced with a view to identifying the key process parameters. 
Then the laser milling process is described in detail, and the available machine layouts 
are introduced.
2.1 Micro manufacturing processes
The commercialisation o f microsystem technology requires low-cost microfabrication 
processes that are more suitable for high-volume production (Becker and Gartner, 
2001). Such microsystems are employed in a wide variety of different applications, 
such as microfluidic devices, micro-optics, etc and the introduction of new materials 
will open up opportunities for increasing economic efficiency, for new fields of 
applications as well as for innovative products in the future (Gale, 1997; Ruprecht et 
al, 2002; Gietzelt et al, 2004).
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2.1.1 Micro injection moulding
In general micro injection moulding is the production of plastic parts with structure 
dimensions in the micron or sub-micron range (Kemmann and Webber, 2001; Piotter 
et al, 2002). Key products for this process are acceleration and pressure sensors and 
components for the computer industry, such as flat display monitors. Even if polymer 
products do not take over the silicon-based market at present, they are already 
performing excellently in the fields o f medical technology, biotechnology and optical 
network components.
The fabrication of micro structured mould inserts requires the application of ultra 
precision processes (Lin et al, 2000; Kjaer et al, 2002). The LIGA technique is a 
special technology often used in micro technology that allows the precise production 
of microstructures with very high aspect ratio and high quality surfaces (Spennemann 
and Michaeli, 2001; Alting et al, 2003). For micro-moulds with aspect ratios < 5, 
traditional manufacturing processes, e.g. micro-cutting, micro-EDM and laser erosion, 
are supposed to be cost effective alternatives. Schaller et al, 1999 report the 
machining of 50 pm grooves in stainless steel and brass with an aspect ratio of three. 
Spennemann and Michaeli (2001) compare ten different mould inserts fabricated by 
the three conventional fabrication processes. The laser erosion process provided 
freedom of design o f the structures as well as wide choice of the cavity material. The 
drawback was the high surface finish of the cavity that was replicated onto the 
moulded component. As the cavities did not show any damage after the injection 
moulding trials, it was concluded that laser erosion should be developed further to 
become a viable option for the production of micro cavities. The significance of the
Chapter 2 Background
surface finish (Ra) in micro injection moulding is further investigated by Provatas et 
al, 2002 and Tay et al, 2005.
2.1.2 Hot embossing
Hot embossing is a technology o f polymer micro-fabrication that is becoming 
increasingly important as a low-cost alternative to the silicon or glass-based MEMS 
technologies (Becker and Heim, 2000). The hot embossing process is described in 
Figure 2.1. The process starts with the design of the microstructure, which is then 
fabricated on the replication master.
There are different methods for producing the embossing master. Photolithography is 
the most common master fabrication process. In this process, a photoresist is exposed 
to a mask with the desired design, the resulting topography is then electroplated into a 
nickel galvanic bath. After stripping the resist, a nickel embossing master is 
produced. Silicon is another alternative material that can be used directly as an 
embossing tool (Becker and Heim, 1999; Becker and Gartner, 2001; Alting et al, 
2003) and delivers a low-cost access to a microfabrication process due to the latest 
advances in silicon deep dry etching. Beforehand, the tool fabrication produced by 
the advanced silicon etch processes (ASE or BOSCH-process) suffered from the poor 
surface finish of the etched silicon and undercuts at the bottom of etched trenches. 
Novel process developments (Chabloz et al, 1999; Waits et al, 2003; Waits et al, 
2005) display great potential for the use of dry etching techniques for the production 
of embossing tools. Finally, LIGA (Becker et al, 1986; Ghodssi et al, 1998; 
Makarova et al, 2003) is a well established process for the production of MEMS and
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Figure 2.1 Hot embossing process - (adapted from Becker and Heim, 2000)
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high aspect ratio structures, but so far lacks the commercial feasibility due to its high 
cost.
When the master is complete the whole embossing tool is assembled into the hot 
embossing machine (see Figure 2.2). A fixed bottom platform and a movable upper 
stage are placed within a force frame. The upper stage, which houses the embossing 
tool, also delivers the embossing force. On top of the bottom platform, the flat 
polymer substrate is positioned. Both upper and bottom plates have heating and 
cooling embedded into them, which provides quick cycles between the upper and 
lower process temperatures. This configuration allows for an isothermal heating and 
cooling of both tool and substrate. The embossing cycle begins with separately 
heating both, tool and substrate, in a vacuum chamber at about 10'1 mbar to a 
temperature just above the glass transition temperature Tg of the polymer material. 
For the most commonly used polymers like polymethylmetacrylate (PMMA) or 
polycarbonate (PC) this temperature is in the range of 100° - 180°C (Ong et al, 2002; 
Shan et al, 2005). At this point, the tool is brought into contact with the substrate and 
then embossed with a feedback controlled force, typically of the order of 20 -  30 kN. 
Whilst maintaining the high pressure, the tool-substrate is cooled down to just below 
Tg to stabilise the polymer microstructure.
When the system has reached the lower cycle temperature, the embossing tool is 
mechanically driven apart from the substrate, which now has a positive imprint of the 
desired structures.
- 1 1  -
Chapter 2 Background
Heating and 
cooling
Force
frame
Embossing tool
Substrate 
(PMMA, PC)
Figure 2.2 Schematic drawing of the hot embossing equipment
- 1 2 -
26488224588220^8
Chapter 2 Background
Bogdanski et al, (2004) has reported successfully replicating 3D structures with and 
without dovetail-like undercut in a silicon tool. The tool was prepared through a 
highly challenging laser ablation process followed by wet anisotropic etching, 
resulting in the dovetail-like undercut. Large area periodical structures were later 
replicated in thin layers of PMMA and polydimethylsiloxane (PDMS). The 
replication featured smooth surfaces and sharp edges despite the challenging patterns 
investigated.
2.2 Laser ablation
Laser milling is a new manufacturing technology suitable for machining a wide range 
of materials, including most metals, glass, ceramics and plastics (Tsai and Chen, 
2003; Meijer, 2004; Nikumb et al, 2004). The beam from a pulsed or continuous laser 
source can readily be focused onto a solid material to cause sufficient heating to give 
surface evaporation. This process, also known as laser ablation, is particularly 
appropriate for hard metals and ceramics that cannot be machined by conventional 
means without incurring time and expense in creating special tooling (Costa et al, 
2003; Pham et al, 2004).
2.2.1 Laser sources
Given a particular material to be machined, the type of laser used determines how a 
laser will interact with the material. There are three types of laser: semiconductor- 
diode, solid-state and gas lasers. Table 2.1 (Fraunhofer Institut Lasertechnik, 2003)
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lists the operating mode, wavelength, power and typical applications of commonly 
adopted lasers.
In manufacturing, the most widely employed lasers are the CO2 laser, the Nd:YAG 
laser and the excimer laser.
The CO2 laser is an example of a gas laser that employs a mixture of helium and 
nitrogen as the protective atmosphere, and carbon dioxide as the laser emitting 
material. The CO2 laser produces a collimated coherent beam in the infrared region 
(10.6 pm), which is characteristic o f the active material. The wavelength is strongly 
absorbed by glass or polymers, so either mirrors or ZnSe lenses with excellent 
infrared transparency are used to handle the beam (Madou, 2001).
The Nd:YAG laser is a solid-state laser producing a collimated coherent beam in the 
near-infrared region of wavelength 1064 nm that can be either pulsed or continuous. 
In pulsed mode, peak-power pulses of up to 3 kW are now available. The shorter 
wavelength allows the adoption of optical glasses to control the beam position. By 
means of optical conversion techniques, it is possible to double, triple (Hellrung et al, 
1999; Hayl et al, 2001) and even quadruple the fundamental emission frequency, 
thereby obtaining higher harmonics o f wavelengths equal to 532, 355 and 266 nm, 
respectively.
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Wavelength Power Operating mode Applications
Semiconductor diode lasers
Single diodes
Infrared to 
visible
1 mW - 100 
mW
Continuous and 
pulsed modes
Optoelectronics
Diode laser 
bars
Infrared to 
visible
up to 100 W
Continuous and 
pulsed modes
Pumping light source for 
solid state lasers
Solid state lasers
Nd:YAG laser 1.06 jim 1 W - 3 kW
Continuous and 
pulsed modes
Materials processing, 
dimensional metrology, 
medicine
Ruby laser Red Several MW Pulsed mode
Dimensional metrology, 
pulse holography
Gas lasers
CO2- Laser 10.6 nm
1 W -  40 kW 
(100 MW in 
pulsed mode)
Continuous and 
pulsed modes
Materials processing, 
medicine, isotope 
separation
Excimer laser
193 nm, 248 
nm, 308 nm 
(and others)
1 kW - 100 MW
Pulsed mode, 10 
ns - 100 ns
Micro-machining, laser 
chemistry, medicine
HeNe laser
632.8 nm
(most
common)
1 mW - 1 W Continuous mode
Dimensional metrology, 
holography
Argon ion laser
515 & 458 nm 
(several)
1 mW - 150 W
Continuous and 
pulsed modes
Printing technology, 
pumping laser for dye laser
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stimulation, medicine
Dye laser
Continuous
between
infrared and
ultraviolet
(different
dyes)
1 mW - 1 W
Continuous and 
pulsed modes
Dimensional metrology, 
spectroscopy, medicine
Table 2.1 Types o f laser sources - (adapted from Fraunhofer Institut Lasertechnik, 
2003)
- 1 6 -
Chapter 2 Background
Some laser applications, such as micromachining or direct ablation of hard materials, 
need high laser power density (intensity or irradiance) or energy density (fluence), so 
usually only excimer lasers, which can produce it, are employed (Braun et al, 2000; 
Ihlemann and Rubahn, 2000; Rizvi and Apte, 2002). Excimer (EXCIted diMER) 
lasers, invented in 1975, are a family of pulsed lasers with a fast electrical discharge 
in a high-pressure mixture of a rare gas (krypton, argon or xenon) and a halogen gas 
(fluorine or hydrogen chloride) as the source of light emission. The particular 
combination of rare gas and halogen determines the output wavelength.
The laser source employed determines the wavelength, spot size (i.e. the minimum 
diameter of the focused laser beam), average beam intensity and pulse duration that 
can be achieved. These parameters all affect the way in which the laser interacts with 
the material being processed.
There are three types of interaction between laser and material: the light can be 
reflected, transmitted or absorbed. In reality, all three occur to some degree. In order 
for laser milling to be possible, the material must absorb the laser light. Reflected and 
transmitted light represents energy that is lost to the manufacturing process. Only 
absorbed light is used to perform material removal.
2.2.2 Laser wavelength
The most important parameter affecting good material processing is the wavelength of 
the light used. Different materials absorb light at different parts of the electromagnetic 
spectrum. It is necessary to choose the correct laser wavelength so absorption of the
- 17-
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photons can occur. On a molecular level, infrared photons, like those emitted from a 
CO2 or Nd:YAG laser, interact with materials by influencing the way the electrons 
vibrate internally. Infrared (IR) photon energies are matched very closely to the 
quantized vibrational energy levels of some materials. Thus, when absorbed, IR 
photons cause the electrons to vibrate faster, which in turn generates heat in the lattice 
and induces melting and evaporation. Ultraviolet (UV) photons, on the other hand, 
have a much shorter wavelength and therefore higher photon energy. Consequently, 
with certain materials, UV photons can break electronic bonds directly and therefore 
the material removal mechanism is primarily direct sublimation via plasma formation 
rather than through melting and evaporation.
2.2.3 Laser beam intensity
Table 2.1 gives typical values for the output power of the different laser sources. 
However, in laser milling, a more important characteristic is laser beam intensity.
The laser intensity (Wcm'2) is defined as the peak power (W) divided by the focal spot
area (cm2), and the peak power (W) is computed as the pulse energy (J) divided by
pulse duration (s). The peak power must be large enough to vaporise the material in
the laser beam spot. For each material, there exists a threshold value of laser beam
intensity below which no melting or evaporation will occur (see Figure 2.3). For
0 1example, for copper if the laser beam intensity is below 4.3 x 10 W cm ', the target 
surface will remain below the melting point and no material removal will occur 
(Jandeleit, 1998). In order to heat the surface region of the material sufficiently so that 
melting and/or evaporation can occur, a higher power density is required.
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Figure 2.3 Threshold nature of the laser material removal
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2.2.4 Laser pulse length
Clearly, an influential characteristic in laser-material interaction is the laser pulse 
length. There are two major considerations: laser pulse energy and heat diffusion 
time. Generally, for a given amount of energy, the shorter the pulse is, the higher the 
peak power delivered to the target will be.
Once applied, the heat energy does not stay localised at the point where it was initially 
deposited. The heat diffusion time is the time required for a given amount of energy 
to dissipate into the surrounding material and is specific for that material. Depending 
on the heat diffusion time of the material, the laser pulse duration can be divided into 
two time regimes: long and ultrafast. Long-pulse lasers are lasers with a pulse 
duration longer than 10 picoseconds. These are the most widely used commercial 
lasers in industry today. Ultrafast, or ultrashort-pulse, lasers have pulses much shorter 
than 10 picoseconds -  usually in the femtosecond range (Harzic et al, 2005).
In the long-pulse regime, the heat deposited in the substrate diffuses away within the 
pulse duration. This has a detrimental effect on the quality of the machining, because 
heat diffusion reduces the efficiency of the laser machining process, through draining 
energy away from the work spot -  energy that would otherwise go into removing 
material. As a result, the temperature at the focal spot can reach a working level of 
not much above the melting point of the material. The molten material produced is 
then ejected away from the work zone by vapour and plasma pressure in the form of
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drops. These drops fall back onto the surface and create debris, which spoil the 
quality o f the machined surface.
Another negative effect of long-pulse machining is the formation of a heat-affected 
zone (HAZ). The heat energy that dissipates into the surrounding material can 
produce a neighbouring zone of mechanical stresses and microcracks. A closely 
associated phenomenon is the formation of a recast layer around the work spot. This 
recast layer is made up of resolidified material that often has physical characteristics 
different from those of the unmelted material. The recast layer usually has to be 
removed in post-process cleaning.
In recent years, an alternative to long-pulse machining is being developed. In the 
ultrafast regime, the laser pulses are so short that the heat energy deposited by the 
laser into the material does not have time to dissipate into the surrounding material. 
Therefore, all the energy is used efficiently for heating the material well beyond the 
evaporation point into the plasma formation state (Petzoldt et al, 1996). The plasma 
expands outward from the surface in a plume of electrons and highly ionised atoms. 
Consequently, there are no droplets that solidify onto the surrounding material. 
Additionally, since there is no time for the heat to dissipate into the neighbouring 
material, there is no HAZ.
It is also important to note that when a material is irradiated with ultrafast laser, the 
penetration depth and, therefore, the interaction volume is generally small, slowing 
the material removal process (Harzic et al, 2005). As there are no secondary thermal
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effects, the result is that much cleaner and more precise processing can be achieved, 
but at the expense of speed.
2.2.5 Laser spot size
In laser milling, when the objective is to manufacture the smallest possible feature, it 
is important to be able to focus the laser beam down to the smallest spot size. The 
latter depends on several factors but, typically, the smallest spot diameter that can be 
obtained is about half the wavelength of the light used (Madou, 2001).
However, lasers with ultrashort pulses can create features that are substantially 
smaller than the laser spot size (Hellrung, 1999). For example, Pronko et al. (1995) 
have produced holes with a diameter of 300 nm whereas the laser spot size used was 
o f the order of 3 pm. Given that laser beam intensity distribution is Gaussian, with a 
maximum intensity in the centre of the beam, one can adjust the beam so that only the 
intensity in its central region is above the threshold for the given material (see Figure 
2.4). In this way, material will be removed only in a fraction of the beam spot area, 
resulting in an affected area as small as one-tenth of the size of the spot itself.
As can be seen in Table 2.1, both ultrashort-pulsed lasers and long-pulsed lasers can 
produce wavelengths o f around 0.5 pm and therefore spot sizes of the order of 0.25 
pm. However, unlike the case of ultrafast lasers, with long-pulsed lasers the smallest 
pit diameter that can be achieved is much larger than the spot size (in the order of 10 
pm). This is due to the aforementioned thermal nature of the laser-material 
interaction and heat diffusion into the surrounding material.
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2.3 Laser milling system
A laser milling system generally consists of five main components: a laser source, a 
means of positioning the workpiece, a system for viewing the work surface, a 
computer to provide control and synchronisation of the laser beam and workpiece 
positioning, and software for slicing the 3D CAD model of the workpiece and for 
interfacing with the CAD (Computer Aided Design) package. The NC (Numerical 
Control) data for laser manufacturing is obtained from the slicing software, which 
processes the 3D CAD model (usually in Stereolithography Interface format or STL) 
by dicing it into layers with uniform thickness. The resulting CNC (Computer 
Numerical Control) data is then fed to the computer and is used to control the 
workpiece manipulation and laser beam guidance systems (Heyl, 2001).
Relative motion between the beam and substrate must be compatible with the required 
processing speed and precision. There are two different types of laser milling machine 
according to the relative movement of the laser beam and the workpiece: a fixed laser 
beam and a CNC positioning table (Heyl, 2001) or a scanning laser beam and 
computer-controlled focusing (Pham, 2002). In the first type, the laser beam spot is 
fixed and relative motion is achieved by a conventional CNC milling platform. The 
second type was developed later and offers higher scanning speeds and increased 
productivity. To scan the work surface the laser spot is moved in the slice plane by a 
pair o f computer-controlled mirrors and focusing is achieved through a movable lens. 
The workpiece, more specifically the slice plane, is positioned in the laser focus plane 
by one of the machine axes.
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The purpose of the work surface viewing system is twofold. First, it acts as an 
inspection tool enabling the evaluation of the progress of the milling operation. 
Second, it allows accurate positioning of the workpiece during setting up (Heyl, 
2001).
2.4 Laser milling machine
The laser milling machine utilised in this work is called the DML 40SI, and was the 
first commercially available system of its kind. The system was first introduced in 
1999 and is still one of the few laser milling systems available on the manufacturing 
market. The full technical information on the DML40SI is provided in Appendix A.
2.4.1 Machine layout
The laser milling system (see Figure 2.5) utilised was first introduced in 1999 and is 
still one of the few commercially available machines of its type in the world. It is 
equipped with an Nd:YAG laser with an operational wavelength of 1064 nm. A Q- 
Switch device enables the laser to operate in the pulsed mode. The pulse duration is 
in the microsecond range and the pulse frequency can be between 0.1 and 50 kHz 
(Lasertech GmbH, 1999).
The system employs a scanning laser beam. Two computer-controlled galvanometer 
mirrors move the laser beam spot, thus allowing the uppermost plane of the substrate
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Figure 2.5 Schematic diagram of the employed laser milling system
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to be scanned. This plane is brought into position by an NC table, so that it is inside 
the focal plane of the laser beam. A lens enables the beam to remain focused on the 
workpiece surface when machining vertical walls.
A video imaging system is provided, that can be employed to assess the progress of 
the machining operation, but it is not possible to do this while material is being 
removed, because during inspection the workpiece has to be taken out of the work 
area of the laser. As mentioned previously, another use of the imaging system is for 
initial set-up or positioning of the workpiece (Pham et al, 2001).
2.4.2 Process parameters
The main parameters that can be controlled in the laser milling machine are the lamp 
current, frequency, pulse duration and the scanning speed. A proper setup of these 
parameters is very important for a stable material removal process and is highly 
dependent on the target material. Since the laser pulse length was discussed earlier in 
this chapter, now we will take a closer look at the rest of the parameters.
2.4.2.1 Laser lamp current
The lamp current is the process parameter directly controlling the power that is 
delivered to the workpiece. It regulates the electric current that is going through the 
laser flashlamp and therefore the amount of energy that is contained in a single laser 
pulse. This is the parameter that is most influential on the material removal process, 
because the process exhibits threshold nature (see Figure 2.3) and a stable process
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requires a constant layer thickness. That is the reason for the system have a built-in 
online layer thickness control.
The layer thickness control system is based on a feedback signal from a precise touch 
probe, that measures the material removed after a pre-set number of layers (usually 4 
layers). The control then makes a decision based on that measurement to increase or 
decrease the laser current. The z-axis accuracy of the machine is highly dependable 
on the settings for this control system. There are two drawbacks of the system. First, 
in order for the touch probe to take a measurement, the workpiece has to be taken out 
of the laser machining area, thus interrupting the machining process. Second, the size 
of the touch probe limits its use in the micro feature applications. For the probe to 
reach the bottom surface of the structure there has to be enough lateral space so that 
the probe does not get in contact with the walls of the structure. If it does it will either 
produce an incorrect depth measurement, or even damage the feature.
Nowadays, a new in-process control system is being introduced, that does not require 
the interruption of the process. The new system is based on an optical sensor located 
in the path of the laser beam, and measures the distance to the target. This control 
loop operates on the same strategy as the touch probe, i.e. takes readings every given 
number of layers, and corrects the laser lamp current. Due to the optical measurement 
type, this control system proves not to be as accurate as the tactile device. Therefore, 
a combination of the two control loops is establishing as the most time and cost 
efficient option. The combination control system functions as usual with the optical 
sensor providing the in-process measurements every 4 layers. Then the touch probe 
takes measurements at a longer interval, i.e. every 16 layers. This superseding
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measurement is used to correct the error of the optical sensor and thus improve the 
depth accuracy obtained from the laser milling process. Depending on the material 
and the settings of the laser milling process, the depth accuracy of laser milling is ± 20 
jim .
Although, the laser lamp current is the most influential parameter for the material 
removal process, without the pulse frequency and the scanning speed there will be no 
laser milling.
2.4.2.2 Pulse frequency and scanning speed
The pulse frequency [kHz] and the scanning speed, as a combination, can affect the 
surface roughness, material removal and the overall process performance. The 
parameters work as a combination, because the ratio scanning speed V to pulse 
frequency/ gives the distance between two neighbouring craters.
V
— = d  Eq. 2.1
/
The distance between two neighbouring craters is usually set to 10 pm (Lasertech 
GmbH, 1999).
2.4.3 Slicing software and major parameters
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Laser milling removes material in a layer by layer fashion. Each layer has a uniform 
thickness, typically 2 jam, and is machined by the laser beam traversing the topmost 
surface of the target. LpsWin is the software that is provided for machining data 
preparation and laser parameters setup. The software requires as an input a 3D closed 
volume that represents the material to be removed. The 3D model is usually created 
in a CAD package, such as Pro/Engineer, that can export it in STL format. The 
LpsWin is used to slice the 3D model into 2D layers as shown on Figure 2.6. A single 
layer is built from two different types of laser beam paths (see Figure 2.7). The first is 
the border cuts, which follow the outline of the geometry, and in reality constructs the 
outer walls o f the geometry. The user can set the number of laser passes that form the 
border cuts. There is an option in the LpsWin software, that enables the users to 
apply two or more different laser parameters to the border cut, for achieving better 
wall quality.
The second type of laser beam path is the hatching. It is usually responsible for 
removing the bulk of the material. The key parameter for both border cuts and 
hatching is the step-over, which is the distance between two neighbouring laser beam 
traverses. For best surface quality, it is usually set to be equal to the distance between 
two neighbouring laser craters, that is defined by the scanning speed and the laser 
pulse frequency. Using different values will normally result in a variable surface 
topography, e.g. formation of a groove along the laser beam path.
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2.5 Summary
This chapter has reviewed two micro fabrication processes: micro injection moulding 
and hot embossing. Both technologies are explained in detail, and different micro tool 
fabrication processes are discussed. A detailed review is given of the laser ablation 
process in particular. Then a description of the major components of a laser ablation 
technology is presented, including a discussion of the phenomena behind the 
laser/material interaction process. A laser milling system is presented with a 
summary of the most important process parameters.
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Chapter 3 Investigation of laser milling characteristics
This Chapter introduces a set of process characteristics that define laser milling as a 
manufacturing process of micro tools. The investigation aims to establish the 
suitability of the laser milling process by a set of experiments and improve on the 
process characteristics where possible. These process characteristics are surface 
finish, aspect ratio, dimensional accuracy and minimum feature size.
3.1 Surface finish
Surface finish is an important aspect of the tool manufacturing industry, particularly 
with the current trend towards miniaturisation of consumer products. In the 
manufacture of microtools, surface roughness is much more crucial than normal, 
because the roughness can frequently be comparable to the feature sizes.
It is expected that the surface roughness is affected by the following three laser 
milling variables:
• Laser lamp current
• Scanning speed
• Laser pulse frequency
Laser power is relative to the electric current going through the laser flashlamp and 
signifies the amount of energy that is contained in a single laser pulse. The laser
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frequency gives the repetition rate of laser pulses, and the scanning speed is the speed 
with which the laser spot travels on the target surface. The relationship between the 
frequency and the scanning speed defines the distance between the centres of two 
neighbouring laser craters. During planning for the experiment, it became clear that 
the relationship between any single variable and the resulting surface finish could not 
be identified, because the proposed test variables are not independent within the 
material removal process. In order for the laser milling machine to achieve a stable 
removal process, a constant layer thickness value of 2 pm is required. It was found 
that while applying a combination of values for the different variables, this layer 
thickness could not be maintained. Thus a test plan was proposed where five different 
sets of effective values were identified, covering the complete range for each factor. 
Each set of value ensures uniform layer absorption therefore a constant removal of the 
material.
One laser milling parameter, the pulse duration, is omitted from this test, although it is 
influential on the removal process and hence on the roughness. During the 
experiment the laser pulse duration is kept constant at 10 ps. This is due to the fact 
that decreasing the pulse duration leads to a decrease in the layer thickness, for 
example if at 1 0  ps the layer thickness is around the 2  pm, a pulse duration of 2  ps 
will produce a layer thickness under 1 pm. This contravenes with the layer thickness 
set for the experiment.
As a result, only a general relationship between a set of values for the three factors 
and the surface finish can be identified. Table 3.1 gives the five sets that were used in 
the experiment.
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3.1.1 Experimental procedure
For the surface finish test, a straightforward geometry was used: a square with a pre­
defined size. The chosen size will depend on the requirements o f the roughness 
measuring equipment.
In order to avoid any interference from the texturing of the test surface, the test piece 
was prepared in advance with its test surface polished to under R* = 0.2 pm. The 
measurements of the surface finish were to be made using contact surface roughness 
measurement equipment (SJ-201 Roughness Tester), which requires a standardised 
minimum measuring distance depending on the expected roughness. Thus for the 
expected roughness of 2 pm, the recommended measuring distance is 8 mm. This 
provides the minimum lateral size o f the pocket to be machined. Given that the test 
workpiece was polished, the depth of the feature was chosen to be 50 pm, giving a 
total of 25 layers to be machined.
In normal working settings, the best surface finish is achieved with machining each 
separate layer at a random hatching angle (see Figure 2.6). In order to obtain a true 
representation of the attainable surface finish, throughout the experiment the scanning 
direction of the laser beam will be restricted to only x- and y-axis. This means that 
one layer will be machined with the laser scanning in the x-axis direction and at the 
end, start the next layer in the y-axis.
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Test /, % / ,  kHz V, mm/s
90 45 400
8 6 30 300
82 2 0 2 0 0
76 13 150
71.5 9 1 0 0
Table 3.1 Experiment sets for the three factors
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For each test sample, a total of 4 measurements of the surface roughness will be made, 
split in two groups at 90° angle to each other. This way, the influence of the scanning 
direction of the laser beam will be estimated.
3.1.2 Results
The experiment was carried out according to the prepared plan. All 5 tests were 
machined on the same workpiece, and a total of 25 surface roughness measurements 
were made. Table 3.2 gives the results of the roughness measurements in both x- and 
y- directions. Notice that test 3 has 3 measurements produced in the x-axis. This was 
called for by the considerable difference in the results of the two previous 
measurements of the same test. All other measurement pairs are within a 50 nm or 
less of each other, while the difference in the first two measurements of the test 3 are 
approximately 180 nm apart.
The lowest average result is obtained from test 5 and is just above the 1 pm surface 
roughness. The lowest single measurement also comes from test 5 and is Ra = 0.962 
pm. The highest average surface roughness is measured on test 1, and is over 0.5 
microns more.
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Test
Ra measurements in x and y, Jim
AvgX Avg Y R* avg
#xl #x2 #x3* #yl #y2
1 1.442 1.482 1.563 1.594 1.462 1.579 1.520
2 1.094 1.079 1.155 1.160 1.087 1.158 1 .1 2 2
3 0.977 1.150 1.057 1.176 1.084 1.061 1.130 1.089
4 1.071 1.064 1.132 1.104 1.068 1.118 1.093
5 1.042 0.962 1.032 1.066 1 .0 0 2 1.049 1.026
Total Avg 1.136 1.207 1.170
* third measurement of test 3;
Table 3.2 Results from the surface finish measurements (R®)
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Figure 3.1 shows the results from the surface roughness measurements against the 
experiment parameters. It is obvious that the combination of the lower parameter 
values produces the best result, although if one disregards the lowest and the highest 
results, the surface roughness seems rather constant around the 1.1 pm value. The 
following figure (see Figure 3.2) displays the relationship between the laser lamp 
current and the roughness, and also includes the graphs for the averaged results in the 
two axes. The difference in the results obtained from the jc- and y-axis, shows that the 
roughness has a dependency on the hatching direction of the laser beam. For this 
experiment, a limitation on the cross-hatching was imposed; therefore a random angle 
hatching should produce even better results (Lasertech GmbH, 1999). The same 
figure illustrates the relationship of the laser power and the roughness. It becomes 
obvious that the minor change in the laser power produces a considerable difference 
in the output roughness. Comparing with the graphs for the laser pulse frequency and 
the marking speed, Figure 3.3 and Figure 3.4 respectively, it is evident that the same 
change in the output variable is achieved through great change in the input 
parameters. It is also worth mentioning again that the results are obtained from a set 
of parameters and so they provide a limited view of the influence of each parameter 
on its own. Nevertheless, the results suggest that the lower lamp current, speed, and 
frequency are more suitable when the surface finish is an issue. This will of course 
mean longer machining times, so it is a trade-off.
The good surface finish is very important as an attribute of laser milling, if it is to be 
established as a micro manufacturing process. Further investigation will be carried out 
through the development of a laser/material interaction model in the next chapter. 
The next process characteristic to focus on is the aspect ratio.
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Figure 3.1 Graph of the three parameters / , / and V against the surface roughness Ra
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Figure 3.2 The average surface finish from X and Y and overall at the laser powers I
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Figure 3.4 Average overall R® and marking speed V
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3.2 Aspect ratio
The definition of aspect ratio is the ratio of height to the width or the gap size of a 
concave structure. When manufacturing high aspect ratio free-standing structures, i.e. 
pillars, walls, the requirements to the manufacturing process are different from those 
raised from a concave geometry. Chang and Kim (2000) investigated the manufacture 
of high aspect ratio with the use of UV-LIGA process. They managed to fabricate 
structures from 5 to 130 pm with an aspect ratio for a gap equal to 25.
Since almost all manufacturing processes utilise some sort of tool, the aspect ratio of 
the concave geometry causes significant considerations to be examined, such as tool 
diameter and length. Given that laser milling makes use of a non-contact “tool”, the 
aspect ratio is associated with another obstacle for the process: the manufacturing of 
vertical walls. Achieving a plane wall that is parallel to the laser z-axis is an issue for 
laser milling. This is due to the high dependence of the material removal process on 
the size of the laser spot, which enlarges when the beam is located close to a plane 
surface parallel to the laser axis (Pham et al, 2002). As a result of this all laser milled 
walls have draft angle. The draft angle is typically in the order of 5 to 10 degrees, and 
is directly proportional to the aspect ratio of the microstructure.
The successful manufacturing of vertical wall has been achieved through the use of an 
angular offset of the laser beam when machining the border cuts along the wall (see 
Figure 2.7 and Figure 3.5). Also it is possible to apply different set of laser
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parameters for these cuts, such as laser power, scanning speed and frequency, but for 
investigating the actual influence of the angles, it will be neglected in this study. The 
use of only one set of parameters will be employed.
3.2.1 Definition of laser milling parameters
There are two parameters in the laser milling process that are expected to influence 
the aspect ratio:
• Minimum approach angle
• Maximum approach angle
The two approach angles refer to the minimum and maximum angles that limit the 
location of the laser beam during vertical walls manufacturing, and they lie in the 
vertical plane normal to the given wall (see Figure 3.5). During vertical wall 
machining, the laser axis can be positioned anywhere within the range specified by 
the two approach angles.
3.2.2 Experimental procedure
The structure to be used for aspect ratio test is a simple rectangular shape (pocket) as 
shown in Figure 3.6.
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The proposed depths to be tested are restricted because of the manufacturer’s 
specification of the machine: the manufacturer has listed a maximum of 2.5 aspect 
ratio. The following dimensions will be used for the test geometry:
• w = 0.4 mm
• / = 1 .2  mm (length of the pocket)
The test parameter d  (depth) will change in the range from 0.4 to 1.2 mm.
It was decided that the approach angle parameter would be divided into 6  value ranges 
(Minimum angle -  maximum angle) as follows:
1. 12° -1 3 °
2. 13°-14°
3. 14°-15°
4. 15°-16°
5. 16°-17°
6 . 17°-18°
The upper and lower limits are also extracted from the machine specifications 
(LaserTech GmbH, 1999).
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Minimum 
approach angle Maximum 
approach angle
Laser beam 
axis
/ / / / / / / / / /
Figure 3.5 Laser approach angle
w
— <-------
Figure 3.6 Aspect ratio test geometry (the figure shows the material to be removed) -
d  -  depth (height), w  -  width
i
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In order to shorten the manufacturing time, geometry with 6  different aspect ratio 
structures is proposed (See Figure 3.7). The experiment geometry consists of 6  
separate pockets, each wide 0.4 mm and long 1.2 mm, and a conical shaped structure, 
which is used for depth measurement. It is required, because the laser-milling 
machine uses an in-process depth control, to monitor the layer thickness.
The 6  pockets are with different depth, corresponding to the different aspect ratios, 
see Table 3.3.
Thus for each range of the approach angle, a single experiment geometry has to be 
manufactured. However before that the geometry has to be sliced with LpsWin 
(company software). Since LpsWin is used to introduce the different slicing 
parameters, including the approach angle, 6  different control files (*.14d) have to be 
produced for each of the different approach angle ranges. This control file (*.14d) is 
used from the DML 40 SI to manufacture the geometry.
One option that is available in the LpsWin software is the possibility to calculate and 
visualise the collisions of the laser beam with the surfaces describing the geometry. 
The software is calculating the trajectory of the laser beam, which is constrained by 
the minimum and maximum approach angle. Taking into account, this trajectory and 
the laser beam geometry, the software calculates any overlapping or collisions that 
will occur with the geometry surfaces, and produces a new surface representing these 
collisions. Figure 3.8 shows the result of such collision calculation and the red areas 
on the walls of the pockets show where the laser beam will collide with the walls.
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Aspect Ratio = 2 '
Aspect Ratio = 1.5 '  
Aspect Ratio
# Aspect ratio Depth, mm
1. 1.00 0.4
2. 1.50 0.6
3. 2.00 0.8
4. 2.25 0.9
5. 2.50 1.0
6. 3.00 1.2
Table 3.3 Depth corresponding to the aspect ratio
Aspect Ratio = 3 
Aspect Ratio = 2.5 
Aspect Ratio = 2.25
Figure 3.7 Solid model of the material to be removed
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Figure 3.8 Collision calculation result (LpsWin software)
(min. approach angle = 17°, max. approach angle = 18°)
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There are two output parameters that will be evaluated at the end of the experiment: 
the actual achieved depth and damage on the walls of the feature, as predicted from 
the software check. The machined depth will also give the actual depth accuracy of 
the process. Due to the small size of the features and without destroying the test 
results, the first output parameter can only be measured with the optical measurement 
system (QuickVision, 2001). The second parameter, damage on the opposite walls of 
the feature, can only be subjected to visual evaluation of the result and no tangible 
measurements could be produced. The preliminary results obtained from the LpsWin 
software predicted that there would be a direct relationship between the approach 
angle and the aspect ratio that can be achieved.
3.2.3 Results
The experiment was carried out according to the laid out plan without any problems. 
It was clearly visible that all 6  sets of experimental structures are showing some 
damage on the opposite walls on the high aspect ratio features. The best result was 
achieved in the first set with undamaged edge up to the feature with an aspect ratio of 
2 (see Figure 3.9a). The next feature, with an aspect ratio of 2.25, is already exhibiting 
some minimal damage. The worst result was obtained, as expected, from the sixth set 
(see Table 3.3). The minimum aspect ratio that is achieved without any damage is AR 
= 1.5, while the feature with AR = 2 shows clearly visible marks from the laser beam 
on both opposite walls (see Figure 3.9b).
It is of great importance, to note that the results from the depth measurements of the 
experimental structures showed a large error (see Table 3.4). The average depth error
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is 0.187 and it does not display any relationship to the depth of the experimental 
features (see Table 3.5 and Figure 3.10). One possible source of the error, is the 
optical measuring equipment, which use was imposed by the micro sized features. 
The accuracy of the optical measuring system is highly dependent on the light and 
reflection from the measured surface.
It was logical to expect that a depth error would increase with the increase in feature 
depth, but as illustrated in Figure 3.10 the error is almost constant through the whole 
depth range. From the same figure, it is obvious that the error is also independent 
from the test parameter, otherwise it would have invalidated the results of the 
experiment. On the other hand, the depth reference feature (see Figure 3.7), that 
forms a part of each experimental set, does not display the same sizeable error as the 
rest of the set (see Table 3.4). This is due to the fact that the in-process depth control 
uses a touch probe to measure the depth at the bottom of this reference point after a 
set amount of layers, and changes the laser power correspondingly. Thus the high 
depth accuracy is achieved at the reference feature, and at the rest of the features the 
accuracy is reduced. This makes the use of a separate reference features unsuitable 
for the laser milling process.
3.2.4 Discussion
Overall the experiment produced the expected results, with the exception of the error 
in the laser machining depth that occurred. The aspect ratio achieved with only 
minimum amount of damage was AR = 2.25 and the result was close to the predicted
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Figure 3.9 Top view of AR test sets :
(a) with min. approach angle = 12°, max. approach angle = 13°, (b) with min. 
approach angle = 17°, max. approach angle = 18°
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Nominal 1st set 2 “  set 3rd set 4th set 5th set 6 th set
mm D, mm AR D, mm AR D, mm AR D, mm AR D, mm AR D, mm AR
0.4 0.589 1.47 0.53 1.33 0.606 1.52 0.59 1.48 0.553 1.38 0.546 1.37
0 .6 0.765 1.91 0.784 1.96 0.775 1.94 0.802 2 .0 1 0.765 1.91 0.742 1 .8 6
0 .8 1.018* 2.55 0.986 2.47 0.989 2.47 0.993 2.48 1.003 2.51 0.953 2.38
0.9 1.14 2.85 1.138 2.85 1.094 2.74 1.064 2 .6 6 1.107 2.77 1.116 2.79
1 1.227 3.07 1.203 3.01 1.182 2.96 1.171 2.93 1.215 3.04 1.157 2.89
1 .2 1.403 3.51 1.381 3.45 1.411 3.53 1.386 3.47 1.359 3.40 1.379 3.45
1.2 Ref 1.208 1.180 1.185 1.189 1.189 1.183
Table 3.4 Depth measurements of the 6  sets of the aspect ratio experiment
Nom.
mm 1st set 2 nd set 3rd set 4th set 5th set 6 th set
Avg.
E rror
0.4 0.189 0.130 0.206 0.190 0.153 0.146 0.169
0 .6 0.165 0.184 0.175 0 .2 0 2 0.165 0.142 0.172
0 .8 0.218 0.186 0.189 0.193 0.203 0.153 0.190
0.9 0.240 0.238 0.194 0.164 0.207 0.216 0 .2 1 0
1 0.227 0.203 0.182 0.171 0.215 0.157 0.193
1 .2 0.203 0.181 0 .2 1 1 0.186 0.159 0.179 0.187
Overall Avg. 0.187
Table 3.5 Average depth error [mm] for each nominal depth and average error per set
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Errors in achieved depth
0.300
0.250
—■— 1 set 
2 set 
—* — 3 set 
—* — 4 set 
—• — 5 set 
— i— 6 set 
 Avg. Error
0.200
0.150
0.100
0.050
0.000
0.4 0.6 0.8 0.9
N o m i n a l  d e p t h ,  m m
Figure 3.10 Error in achieved depth (measured)
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value of 2.5. The influence of the approach angle on the aspect ratio was confirmed, 
with the best result achieved by the lowest range selected for the experiment. As a 
conclusion, the laser milling process equipped with the vertical wall machining option 
is still limited in its capabilities of producing grooves of high aspect ratio. The 
achieved result is in the low aspect ratio range of the replication process capabilities 
for similar features.
3.3 Accuracy
The nominal accuracy experiment is designed to identify the deviation of the lateral 
dimensions o f laser milled features from the nominal along the x- and y-axis. Thus 
the selected design provides the extraction of a variety of measurements in each 
direction. Due to the unique thermal character of the laser/material interaction, and 
the location of the laser spot relative to the contour of the feature, a distinction 
between internal and external dimensions is considered in this experiment.
This experiment is carried out on two different metals to investigate the influence of 
the material properties. The two materials selected for the experiment are tooling 
steel H I3 and commercial copper. The selected materials have previously shown a 
distinctive difference in the response to laser irradiation, and thus a wide range of 
laser milling parameters are employed in the material removal process. The major 
difference in the material properties of the two metals is in the thermal conductivity 
(see Table 3.6). Commercial copper exhibits a thermal conductivity that is 2.5 times 
higher than that of the tooling steel. Due to the thermal nature of the material removal
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process during laser milling, the parameter set-up for the machining of the two 
materials will be significantly different.
3.3.1 Experimental procedure
The ‘nominal accuracy test’ measures the deviation of the dimensions of the 
machined features from the nominal in both x- and y-axes. Hence the workpiece 
should allow for the extraction of various measurements in these directions. Also, the 
test geometry should have internal and external dimensions, and so to provide the 
possibility for analysis o f the influence of the effective laser spot relative to the 
contour of the geometry. Figure 3.11 helps explain the meaning of the dimension 
types. It shows that for the external dimension, the hatching is performed on the outer 
side of the contour, thus the laser spot is also located outside. Conversely, positioning 
the laser spot on the inside of the closed contour forms the internal dimensions. The 
foundation behind this distinction is that the measured dimensions will depend on the 
laser/material interaction and any difference between the diameter of the actual laser 
spot and the assumed diameter will result in a uniform error around the contour. 
Therefore it is expected that the measured external dimensions will be larger than the 
nominal; hence, the opposite is anticipated for the internal dimensions.
The final design of the experiment geometry is shown in Figure 3.12. The overall 
dimensions and designations can be found in Appendix B.
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Material properties of: Copper H13 Units
Density @ 21°C 8800 7750 kg/m3
Thermal conductivity @ 21°C 52 17.6 W/mK
Thermal expansion (21 -  93 °C) 17 10.4 mm/mm/°C x 106
Specific heat capacity @ 21°C 420 460 J/kgK
Melting point 1300 1700 K
Boiling point 2843 3100 K
Modulus of elasticity @ 21°C 128 207 GPa
Hardness @ 21°C 28 51 Rockwell C
Table 3.6 Physical properties o f copper and HI 3
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Two experimental parts were machined for each of the test materials, with laser 
milling parameters previously identified as giving best results and with reasonable 
difference in the laser scanning speeds for the each material (see Table 3.7). The 
machined parts were to be cleaned in an ultrasound bath, and then the measurements 
to be carried out on the QuickVision Accel Pro system.
The results of the experiment are to provide a basis for analysis of the effect that the 
laser milling parameters have on the accuracy of the process, while maintaining a 
stable process, good surface finish and acceptable machining times (see Table 3.7).
Comparison between the results o f the two test materials will provide an insight into 
the influence that the material properties have on the accuracy of the laser milling 
process. The results can also highlight the areas, which will need further research for 
optimising the quality o f the laser milling features.
3.3.2 Results
There were two test features machined on each of the test materials. After ultrasound 
bath cleaning of the samples, measurements in both x- and y- directions were taken 
and analysed. The laser milling process settings used to machine the test pieces can 
be found in Table 3.7.
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Figure 3.12 CAD model of experiment geometry (material to be removed)
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Table 3.8 has the results from the measurements of the four test features. The 
deviation provided in the table equals the measured value subtracted from the nominal 
value for the given dimension. Table 3.8 also presents the ISO International 
Tolerance Grade (IT) for each of the measured values.
Figure 3.13 presents a comparison of the deviation from the nominal dimensions for 
all test features. In this figure, the first six dimensions show the results from the x- 
axis, whereas the next six are in the y-axis. The dimensions for each axis were split 
into the two dimension types (see Figure 3.11), the first three being internal and the 
next three - the external. In addition, the dimensions are arranged in ascending order 
from the nominal.
3.3.3 Discussion
From the results, it is obvious that Copper provides better accuracy than the tooling 
steel H I3. Both copper tests have lower average deviation and the lowest value of 
0.026 mm is achieved with the Cu_l test parameters. Of the HI 3 tooling steel tests, 
marginally better result are obtained from the H13_l parameters, but since the 
difference is below the accuracy capabilities of the measuring equipment, this result is 
not significant. Another consideration would be that the feature edges of the H I3 
were not clearly defined, which led to the accumulation of errors during the 
measurement of the results. Under the magnification of the measuring equipment,
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Test
Laser lamp Laser pulse Scanning speed, V
current, /  [%] frequency,/ [kHz] [mm/s]
H131 64 30.5 305
H13_2 69 39.2 392
Cu_l 58.7 11.3 113
Cu_2 62.9 15.7 157
Table 3.7 Process parameters for accuracy experiment
-61 -
Chapter 3 Investigation of laser milling characteristics
Dimension H13_ 1 H13_ 2 Cu_ 1 Cu_2
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X  axis
0.7 D12 I -0.049 11 -0.049 11 -0.03 10 -0.046 11
2 .1 D13 I -0.055 11 -0.053 11 -0.036 10 -0.047 11
3.3 D ll I -0.070 11 -0.061 11 -0.046 10 -0.052 11
1.2 dl E 0.026 9 0.043 11 0.013 8 0.037 10
2 . 6 d5 E 0.039 10 0.035 10 0.013 8 0.036 10
3.8 d6 E 0.027 9 0.024 9 -0.004 4 ** 0.034 10
Y axis
0 . 6 DIO I -0.035 10 -0.048 11 -0.031 10 -0.017 9
2.7 d8 I -0.077 12 -0.064 12 -0.044 11 -0.036 10
4.3 d9 I -0.071 11 -0.069 11 -0.053 11 -0.052 11
1.4 d2 E 0.025 9 0.041 11 0.016 9 0 . 0 2 2 9
3.4 d3 E 0.019 9 0.032 10 0 .0 1 1 8 0 .0 2 1 9
5.0 d4 E 0.028 9 0.023 9 -0 .0 1 1 g** -0.016 9**
Avg 0.043 0.045 0.026 0.034
*dimension type (see Figure 3.11) **absolute value assumed
Table 3.8 Results from accuracy experiment
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Figure 3.13 Comparison of the deviation from the nominal dimensions for all
experiments
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H I3 displayed a considerable recast layer, larger than copper, which further 
complicated the process of measuring the actual feature dimensions.
The difference in the accuracy obtained from both materials is largely contributed to 
the different physical properties, and in particular the thermal properties. Copper has 
a larger heat conductivity coefficient; therefore more laser power dissipates in the 
bulk of the material causing a lower material removal rate.
As can be seen in Figure 3.14, the deviation does not exhibit any dependence on the 
size of the nominal dimensions. The distribution for both materials is consistent along 
the whole range, with the largest errors occurring in the middle part. The best results 
were measured on the 5.0 mm nominal value, averaging an error of 0.019 mm. This 
result confirms the expectation that the error will be independent of the size of the 
dimension value and the dependence of the error on a more stable factor, such as the 
size of the crater left from a single laser shot. Furthermore, this is proof of the fact 
that the dimensional accuracy of the laser milling process is dependent on the settings 
of the process.
The most significant outcome of the experiment is the different accuracy achieved 
when machining different materials. The importance comes from the conclusion that 
just by changing the workpiece material, the accuracy of the laser milling process 
could be improved. Further investigation is required to widen the scope of workpiece 
materials.
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Figure 3.14 Nominal dimension versus absolute error
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Secondly, the outcome of the nominal accuracy experiment was better than the 
manufacturer’s specification for the machine. LaserTech GmbH (1999) has specified 
a 50 pm precision for the system, therefore the result obtained on the H I3 workpiece 
is on average 7 pm better, and the Copper one almost half that -  on average 25 pm.
3.4 Minimum feature size
The minimum feature size is a very important attribute for the tool manufacturing 
process especially in the production of micro tools. As with the aspect ratio, the tool 
operated by the process, predefines the minimum feature size for the conventional 
machining. Schaller et al, (1999) reported producing 50 pm grooves with 
conventional mechanical machining using ground hard metal micro end mills. The 
grooves were cut in both brass and stainless steel. They reported the formation of 
burrs, along the grooves, which required further post-process removal through either 
diamond milling or electrochemical polishing (Mecomber et al, 2005). Meeusen et al. 
(2001) introduced the micro Wire Electro Discharge Grinding (WEDG) as a micro 
tool shaping process. They managed to produce micro features that were later 
polymer replicated, by dressing an electrode down to 30 pm diameter. The paper 
described the application of WEDG process for producing shaped electrodes for the 
machining of microstructures. The size of the electrode was the major factor when 
aiming for the smallest possible size of the features.
3.4.1 Experimental procedure
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The study is looking at the minimum feature dimensions, that can be achieved with 
the laser milling process. General feature types are proposed for this test:
• Groove
• Rib (or wall)
The geometry proposed for the experiment is given in Figure 3.15. The advantages of 
this type of geometry are:
• With a single test run identify the minimum groove width with relation to a 
constant size ribs -  the proposed test structure has 320, 160, 80 and 40 pm wide 
groves;
• Constant width walls/ribs of 40 pm;
This experiment will also provide information for the aspect ratio of the convex 
feature -  wall or rib. When machining a free standing feature, such as a wall, without 
any neighbouring features that could act as obstacles for the tool, a different aspect 
ratio is generally anticipated. In this situation, other restrictions come into 
consideration, such as tool/workpiece contact, tool-induced vibrations and the 
workpiece material properties. Therefore, laser milling being a non-contact process 
has a distinct advantage. In addition, the vertical walls option was included in the 
experiment, so as to avoid the formation of a draft angle on the walls of the structure.
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80 pm groove
Figure 3.15 CAD model of the resulting geometry
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The only variable, expected to have an effect on the minimum feature size is the 
diameter o f the focused laser beam spot. It is set by the aperture of the optical train 
and has only two values 1 and 1.3, where the diameter of the spot is roughly 045 and 
080  pm respectively. Since, we are looking for the minimum the test is carried out 
with the smallest possible aperture.
The material chosen for the test is tooling steel HI3. The material properties are 
listed in Table 3.6.
3.4.2 Results
The test was executed according to the laid out plan. After cleaning of the workpiece, 
a number of measurements were taken on the QuickVision system, but the depth of 
the smallest grooves proved too difficult to measure with any conclusive result. 
Therefore, the resulting structure was observed and estimates were produced under 
scanning electron microscope (SEM) (Scanning electron microscopy, 2004). Figure 
3.16a shows an overall top view of the fabricated structure, and Figure 3.16b and 
Figure 3.16c display close-ups o f a comer and a wall, respectively, taken with the 
SEM.
3.4.3 Discussion
From the resulting shape, it is obvious that the microstructure was close to exceeding 
the capabilities of the process. The 40 pm groove was not machined to the final depth
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a). Top view b). Close-up of right-angle comer wall -
wall thickness 40 pm (SEM)
c). close-up of wall segment
Figure 3.16 The resulting geometry for the minimum feature size study
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of 120 pm. The achieved depth was difficult to measure because the bottom surface 
of the groove was not flat. The 80 pm groove was machined to the desired final 
depth, but there was a rounded comer present in the transition from the walls to the 
bottom surface.
On the other hand, the 40 pm thick walls are well formed (see Figure 3.16), and with 
their depth of 120 pm the obtained aspect ratio for a wall was equal to 3.
3.5 Summary
In this chapter, four characteristic features of the laser milling process were 
investigated: surface finish, aspect ratio, accuracy and minimum feature size.
The best surface roughness that was achieved in the presented experiment was Ra = 1 
pm, which was an improvement for the laser milling process, which usually produces 
Ra = 2 pm. However, the achieved roughness is still high for the replication 
processes, due to the fact that the polymer replication processes copy the surface 
topography almost exactly. High surface roughness results in a texturing effect being 
replicated onto the components. Further investigation is required to improve the 
surface finish produced by the laser milling process.
The aspect ratio that can be reproduced by hot embossing or microinjection moulding 
is much higher than laser ablation can produce. Aspect ratios of 2.25 for gaps and 3 
for walls are rather low. Nevertheless, the achieved result is still impressive given the
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tooling material used, and the fact that the only competition comes from silicon-based 
manufacturing processes, such as lithography.
The laser milling accuracy is shown to be highly dependent on the laser machining 
parameters and more importantly on the target material used. Still, the machined 
features were all within the expected tolerance of 50 pm, and copper proved to be a 
considerable improvement achieving almost half the expected tolerance -  on average 
25 pm.
The minimum feature size obtained from laser machining on the specially designed 
test structures made it obvious that the thermal nature of the laser milling process is 
the only obstacle to machining micro grooves and walls. However, the process was 
capable of machining vertical walls of 40 pm thickness with an aspect ratio of 3. The 
micro grooves proved to be more difficult, and the smallest width achieved fully was 
80 pm.
After the process characterisation is complete, it is evident that although laser milling 
is capable of producing a wide variety of moulding tools for the micro-replication 
processes, the process is still greatly handicapped by the high surface finish that it can 
achieve.
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Chapter 2 introduced the basic physical phenomenon behind the laser material 
interaction. In this chapter, a more detailed view of the physical processes and the 
governing parameters will be presented. A discussion of the available theoretical 
models and their characteristics is carried out. Later in the chapter, a theoretical 
model of material heating induced from an incident microsecond laser pulse is 
developed. Experimental confirmation of the model is also included with two 
different materials as test targets.
4.1 Existing models of laser material interaction
In a pulsed laser material removal system, it is of crucial importance to develop an 
understanding of the physical phenomena that take place during the machining 
process. The short pulse duration and the micro size make a direct experimental 
investigation difficult to carry out. Consequently, developing a numerical simulation 
instead of experimentation is a vital opportunity for better understanding and 
optimisation of the parameters of material removal process through the use of a laser.
Considerable theoretical as well as experimental studies have been carried out on laser 
material heating and processing. Most mathematical models of the heat flow 
phenomena in laser material processing were based on the application of the classical 
heat conduction equation for stationary solid, using the concept of an instantaneous
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heat source for an infinite volume. Cases with and without phase change and a 
variety of radiation or source conditions have been studied.
The simplest case without a phase change arises when a semi-infinite half-space is 
heated uniformly over its entire boundary surface. Carslaw and Jaeger (1959) initially 
investigated this type of problem. The next step was applying a pulsed source, and 
this problem was addressed by Carslaw and Jaeger (1959), White (1963) and Rykalin 
et al (1967).
Further improvement on the theoretical models was attained by assuming the laser 
beam to have a Gaussian temporal and spatial distribution, i.e., the laser intensity 
decreases exponentially from the centre of the beam with the square of the radial 
distance (Ready, 1971; Cline and Anthony, 1977). An analytical solution to the three- 
dimensional quasi-stationary heating in a finite depth and width solid with a circular 
Gaussian moving heat source was developed by Manca et al (1995).
The problem is considerably more complicated when the material goes through a 
phase change. In the case of rapid material removal by melting and/or evaporating, 
most of the laser energy is utilised in the phase transitions (melt and evaporate) of the 
solid, while only a small portion is lost to heat conduction into the bulk of the 
material. Cline and Anthony (1977) derived a model for laser heating and melting of 
material for Gaussian source moving at a constant velocity. The derived conduction 
model was for continuous wave (CW) high power laser, scanning the top surface of 
semi-infinite geometry. They calculated the temperature distribution and depth of the 
melting zone as a function of laser beam diameter, velocity and power. A three­
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dimensional heat transfer model was developed by Mazumder and Steen (1980) for a 
laser beam striking the surface moving with uniform velocity. The model was solved 
by a finite difference method and the results were presented for temperature 
distribution and melt depth. The model also allowed for the formation of the groove 
by considering the grid points within the groove as part of the conducting network but 
operating at high temperature after vaporization. The model is capable of forecasting 
the temperature profile, the maximum processing speed and the heat affected zone.
Lately, an investigation into short and ultrashort pulse laser machining is attracting 
more attention (Lunney and Jordan, 1998). Modest (1996) developed a three- 
dimensional, transient model of laser machining through ablation/ decomposition of 
materials. The produced model could predict the shape of the resulting hole/groove 
that is formed by ablation of material, caused by a stationary or moving laser. The 
model was used to carry out calculations to study the qualitative differences in 
material removal starting from CW and down to 100 ns pulse length. Fahler and 
Krebs (1996) formulate a model of heating of a pure metal target (i.e. Fe) including 
material removal resulting from 30 ns laser pulses. Their model takes into account the 
absorption of the incident laser radiation by the ablated material and the heat 
conduction within the target, evaporation and the cooling effect on the target surface 
by the heat of evaporation and the partial absorption of the incident laser beam in the 
evaporated material.
A thorough examination of the physics of ultra-short pulse laser/matter interaction 
that leads to material breakdown and ablation was presented by Liu et al. (1997). The 
authors discuss the differences in ablation mechanisms between ultrashort and long
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pulses and they conclude that for ultrashort laser pulses the ablation mechanism is 
mainly direct vaporisation of the target material. The results from a number o f 
micrometer and submicrometer features are also presented, achieved from a 
micromachining experiments with femtosecond lasers. The presented theoretical 
model is applied to investigate the evaporation and melt layer thickness for the two 
pulse regimes.
Yilbas et al. (2000) introduced the electron-kinetic theory approach and solved a 
three-dimensional model of laser heating. A moving laser source is taken into 
account provided that the laser scans the material surface at a constant speed. The
model computes the thermal stresses induced by the incident laser beam and the
thermal expansion along the laser axis is predicted.
4.2 Modelling of a single crater
A theoretical model has been developed to investigate the influence of a number of 
laser parameters on the temperature distribution, heat flow, material removal (e.g. 
crater) and general laser/material interaction during a microsecond laser pulse 
irradiating a metal target.
The presented model accounts for:
• Target absorption of the incident laser pulse
• Heat diffusion into the bulk material
• Temporal and spatial pulse shape (Gaussian)
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• Material phase transition from solid to liquid to gas state
4.2.1 Theoretical model
When an optical high-energy beam strikes a material surface, a large fraction of the 
energy contained in the beam will be absorbed into the material. The rest of the 
energy will be either reflected from the surface of the target or transmitted. This 
energy will be therefore lost to the environment and will reduce the efficiency of the 
absorption process. Higher absorption of the material means a higher absorption 
coefficient for that material for the laser wavelength; therefore more energy will enter 
the substance and will be transformed into heating. Depending on the magnitude of 
the material heating, there will be a phase change in the material, usually from solid to 
melt to vapour.
In laser processing of metals, the fraction of energy that is absorbed in the material is 
readily transformed into heat. The extent of heating is dependent on three major 
components and their properties: laser beam, target material and their interaction. The 
laser beam is characterised by its wavelength, laser power level, spatial and temporal 
power distribution and the beam spot size. The physical (i.e. density) and thermal (i.e. 
thermal conductivity) properties are generally used to describe the target material. 
The laser/material interaction is governed by the interaction time -  pulse duration and 
the absorption coefficient.
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4.2.1.1 Laser beam
In most laser applications it is necessary to focus, modify, or shape the laser beam by 
using lenses and other optical elements. In general, laser-beam propagation can be 
approximated by assuming that the laser beam has an ideal Gaussian intensity profile, 
corresponding to the theoretical TEMoo (transversal electromagnetic mode 0 0 ) mode. 
Unfortunately, the output from real-life lasers is not truly Gaussian (Wilson and 
Hawkes, 1987). In order to adapt to this variance, a quality factor, M2, has been 
defined to describe the deviation of the laser beam from a theoretical Gaussian. For a 
theoretical Gaussian, M = 1; for a real laser beam always M > 1. In all cases, the M 
factor, which varies significantly, influences the intensity distribution characteristics 
of the laser beam (Melles Griot, 2004).
In order to gain an appreciation of the principles and limitations of Gaussian beam 
optics, it is necessary to understand the nature of the laser output beam. In TEMoo 
mode, the beam emitted from a laser begins as a perfect plane wave with a Gaussian 
transverse irradiance profile as shown in Figure 4.1. The Gaussian shape is truncated 
at some diameter 2 wo either by the internal dimensions of the laser or by some 
limiting aperture in the optical train. To specify and discuss the propagation 
characteristics of a laser beam, one must define the 2wo diameter in some way. The 
commonly adopted definition is the diameter at which the beam irradiance (intensity) 
has fallen to 1/e (13.5%) of its peak, or axial value.
The power P(r) contained within the beam at a radius r is obtained by integrating the 
intensity distribution from 0 to r to yield (O’Shea, 1985):
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100 -
13.5
0 w
Contour radius
Figure 4.1 Gaussian beam profile -  theoretical TEMoo mode (adapted from Melles
Griot, 2004)
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P(r)=P( co)
2r
1 -e  ^ Eq. 4.1
where P(oo) [W] is the total power delivered from the laser source, r is the distance 
from the axis.
For an ideal Gaussian beam, the focal spot diameter 2wo can be calculated in terms of 
the laser beam parameters from the following equation (O’Shea, 1985):
2w0 = 4 - i  
0 x  D
Eq. 4.2
where S2 is the focus distance between the lens and the focal spot, D is the diameter of 
the input beam at the last lens (see Figure 4.2).
However, when a multimode, or distorted Gaussian beam is focused, the equation 
becomes:
2w0 = 4M 1——  
0 x  D
Eq. 4.3
The wavelength of the laser source was discussed earlier in Chapter 2. Now that the 
laser beam is defined in this way: wavelength, beam spot, power distribution in the 
spatial and temporal domains, next step is to take a look at the target material.
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Figure 4.2 Collimated Gaussian beam
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4.2.1.2 Material
The material is defined by its properties, namely physical and thermal. The physical 
property that is required for the description of the target is the material density. The 
thermal properties are thermal conductivity, specific heat capacity, melting and 
boiling point, and the latent heat of melting. Usually all this data is available for a 
wide range of pure materials from reference books, but the composite materials used 
for this model proved rather difficult to identify especially the boiling point and latent 
heat of melting.
The developed model is based on conventional heat diffusion equation with a heat 
source, including the Gaussian temporal and spatial profiles of the laser pulse, the 
relation between temperature and energy density, and the material change of state. 
The model does not take into account the heat diffusion in the gas phase of the 
material, because it is assumed the liquid-to-gas transition as removal of the material.
The general 2D Heat Conduction Equation is the basis of the present simulation 
(Incropera, 2002):
pC f
d T (x ,z ,t)  _ (  d 2T  d2T ^
— r  + — ■, dx dzxdt
= k + A(x, z , t)
Eq. 4.4
where p  is the density of the material [kg/m ];CP-  specific heat capacity [J/kg.K]; k -  
thermal conductivity [W/mK]; x, z -  space domain dimensions [m] (see Figure 4.3); T 
-  temperature [K]; / -  time variable [s].
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Laser pulse
Evaporated
material
z
Melt front
Target material
Figure 4.3 Assumptions for the simulation spatial domain
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The term A(x, z, t) is the volume heat source (the absorbed laser energy in a given 
unit of material volume):
/ \ Absorbed _  Energy a * d z *  I 0*ds* p{t,x,)*e~a*z
A {X ,Z ,t) = ------------------------------= --------------------------------------------  Ea 4 5
Unit _Volume dz*ds
where Io is the peak on-line laser intensity [WnT ] and a  is the absorption coefficient 
[m*1] for the sample material. The term p(t, x) refers to the temporal and spatial 
geometry of the laser pulse, which is assumed to be Gaussian in both domains.
So, the volume heat source can be expressed as:
A(x, z , t ) =  a *  I0 * p ( t , x)*e  a*2
where the peak laser intensity Io is:
Peak _ Power Ep Pm P J ,
O A 2 2 r  2 2 TArea 7rwQ jT7twQ r^w0
Eq. 4.6
where/is the laser pulse frequency (repetition rate), Tf is the pulsing period.
4.2.1.3 Laser/material interaction
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The basic parameters from the laser/material interaction are expressed in Eq. 4.6. The 
physical phenomena involved in the absorption of the incident laser light by the 
medium are given by the exponential absorption law:
7(jc) = I ^  Eq. 4.8
where I(x) is the light intensity penetrating to depth z. The incident laser intensity is 
Io; and for the purposes of this model, we neglect the fraction of light that is reflected. 
The absorption coefficient is available readily for pure chemical materials from 
optical properties reference books (Billings, 1972; Palik, 1985). The data for 
composite materials is difficult to attain, and is generally obtained from personal 
experimentation.
Table 4.1 summarises the physical, optical and thermal properties for the two tooling 
materials selected for the experimental validation of the theoretical model, namely 
stainless steel Grade 316 and aluminium 6082, which are used in the simulation 
calculations.
4.2.2 Numerical solution of the heat equation
Often for problems that require the solution of heat flow or unsaturated water flow, 
there may be no analytic solutions or neat equations describing the physical process. 
In such cases a numerical approach is applied to define a solution. One possible 
approach is the forward finite-difference method (Incropera, 2002).
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Properties Units
Aluminium
6082
Stainless steel 
Grade 316
Melting point, Tm K 933 1670
Boiling point, Tv K 2753 3173
Density, p kg/m3 2710 8238
Specific heat capacity, Cp J/kgK 894 468
Thermal conductivity, k W/mK 154 13.4
Thermal diffiisivity, D m2/s 6.35 x 10' 5 3.48 x 10' 6
Latent heat of melting, Lm kJ/kg 400 300
Absorption coefficient @ 1064 nm -im 123 x106 5.45 x 107
Table 4.1 Physical and thermal properties of the experiment materials (Sources: 
Incropera, 2002; Nath et al., 2002; Weaver et al., 1981; Billings, 1972)
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In contrast to an analytical solution, which allows for temperature determination at 
any point of interest in a medium, a numerical solution enables determination of the 
temperature at only discrete points.
From the general heat equation Eq. 4.4:
ar
dt
= D
r d 2T  d2T ^
 T  +  Tyd x  dz j
+ ^ -A(pci z ,t )
Eq. 4.9
where D is the thermal diffusivity [m V 1] for the simulation material and is equal to:
D =
P * C t
Eq. 4.10
Applying the forward finite difference approximations of the derivatives to Eq. 4.9 
and considering the assumptions made in Table 4.2:
' d T \  T„, . „-T,  i + l j j c  I j , k
At
r d 2T _  2-T'jj +TIJ^ k
( ^ ) 2
r d2T^ _ TlyJj<+1 2TlJJt + Tt jJc_i 
(Az f
Eq. 4.11
Eq. 4.12
Eq. 4.13
Substituting in the general heat equation and solving for the temperature Ti+i j,k:
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Dimension Index Step Number of steps
t i At nt
X j Ax nx
z k Az nz
Table 4.2 Assumptions for the numerical solution
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T - T1 i + \ , j j c  1 i , j j (
AtD „ A tD
1 - 2 —- " 2
Ax2 Az2
+ AtD
(Az) {riJ+ik + Tt J_X k)+ (Ax) {fl j k+x + Tj j k^  )
A x2A z2
+
A/Z) ./ \
+ —— At>x’z)k
Eq. 4.14
Eq. 4.14 is explicit because unknown temperatures for the new time are determined 
exclusively by known temperatures at the previous time. In this way, the transient 
temperature distribution is obtained by marching out in time, using intervals of At.
The accuracy of the finite-difference solution may be improved by decreasing the 
values of the temporal and spatial increments. Of course, the number of interior 
points that must be considered increases with the decreasing of the spatial increments, 
and the number of time intervals required to compute the solution to a prescribed final 
time increases with decreasing At. Therefore, the computational time increases. The 
choice of zlx is typically based on a compromise between accuracy and computational 
requirements. Once the Ax has been selected, however, the value of At may not be 
chosen independently. It is, instead, determined by stability requirements.
An undesirable characteristic of the explicit solution is that it is not unconditionally 
stable. In a transient problem, the solution for the nodal temperatures should 
continuously approach final, steady-state values with the increase of time. However, 
the iterative nature of the explicit method can numerically induce oscillations, thus 
causing the solution to deviate from the actual result. In order to prevent this 
erroneous result, the value chosen for At must be below a certain limit, which depends
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on Ax and other system parameters. This limit is termed a stability criterion, and can 
be obtained mathematically (Incropera, 2002).
Applying the stability criterion to Eq. 4.14 we get:
! _ 2 ^ _ 2 ^ > 0
A* Az Eq. 4.15
therefore, the largest time increment is:
1 pCDAx2Az2
At < - - ^ - 1  rt Eq. 4.16
2 &(Ax + Az )
This provides a relationship between the spatial increments Ax and Az and the largest 
value of the time increment.
Substituting the heat source in Eq. 4.14 and applying the same principles of finite- 
difference, we get:
T - T1 i+l,Jjc 1 i j , k
'  _ AtD AtD} . ^1 -  2 — z— 2 — r* + AtD
V
.2Ax Az‘
(Az)2(-T,y+u +^-u)+(Ax)2( ^ +,
I k - 2Ax Az
+
+ —^— a* IQ* p(t,x)* e a Z^k hj^  
k
Eq. 4.17
The distribution of the laser power in space x and time t is assumed to be Gaussian 
and is given by:
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p(t,x)=  J°° e dx £° dt
Eq. 4.18
After applying the numerical scheme, we get:
r / nY
( t „ x )  =
Ax j —
Rc\
\
^/A/-2 r
Eq. 4.19
Substituting again in Eq. 4.17:
T - T1 i+l,j,k 1 i,j,k
AtD _ AtD
1 - 2 — t - 2  
V Ax Azz j
+ AtD
(Az)2 (fij+ik + Ti j_x k)+ (Ax) (Ti Jk+i + Ti j k_x)
2 A _ 2Ax Az
AtD a l0 *e
Ax\j
J
Eq. 4.20
4.2.2.1 Initial and boundary conditions:
In order to solve this parabolic equation, an initial condition and three boundary 
conditions are required.
The initial condition is providing the temperature of the material just before the start 
of the pulse:
T(0,x,z)= 293K
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The three boundary conditions apply constraints to the temperature with respect to the 
space domain:
T(t,:c —» -oo, z) — 293K  
r(/,x->+oo,z)=293^ 
T(t,x,z —» -oo) = 293K
Transitions between solid, liquid, and gaseous phases typically involve large amounts 
of energy compared to the specific heat (Smurov et al, 1991). If heat were added at a 
constant rate to a mass of material to take it through its phase changes from condensed 
to liquid and then to gas, the energies required to accomplish the phase changes 
(called the latent heat of melting Lm and latent heat of vaporization Lv) would lead to 
plateaus in the temperature T[qC] vs time t[s] graph (see Figure 4.4).
Thus, in the simulation when a cell reaches the melting point of the simulation 
material, the following temperature adjustment is added:
In the model are not consider the heat diffusion in the gas phase, because it is assumed 
that the evaporated material is directly removed from the system. A cell that has 
reached sufficient energy density to vaporise is set to melting temperature for the 
given material (Nantel et al, 2001). In subsequent calculations, adjacent cells will 
recognise that temperature and ignore those cells as possible heat sources/sinks. The
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3173
Vapourising 
(phase change)
1670 phase
change
Energy added at constant rateLatent heat of 
melting, 300 
kJ/kg
Figure 4.4 Example of change of state with stainless steel
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model will also disregard them as an absorption material, and still deliver the correct 
amount of energy to the now “top-surface” cells.
An experimental confirmation of the proposed theoretical model was carried out. A 
description of the experiment procedures and results is provided hereafter.
4.3 Experimental procedures
The goal of the experiment was to obtain the profiles and depth of the craters created 
from laser ablation in two target materials, i.e. stainless steel grade 316 and 
aluminium 6082. The experiment was created to correspond as closely as possible to 
the conditions in the theoretical model.
4.3.1 Apparatus
All experiments were performed on an Nd:YAG (FOBA Laser F 94S) laser ablation 
system with 1064 nm wavelength and the Q-Switch pulse duration was set to 10 ps. 
The average power delivered from the laser to the workpiece was measured with laser 
power meter equipped with high power laser sensor (Coherent, 2004) for different 
laser flashlamp current levels and varying pulse frequency.
4.3.2 Procedure
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The experiments were carried out on two workpieces from stainless steel grade 316 
and aluminium 6082. Beforehand the selected surfaces on both sample materials were 
polished to achieve a very good surface finish, and then in order to decrease the 
reflection of the laser light from the top surface, it was matted.
Since the normal work settings of the machine could not be used, specific settings 
were created for achieving single craters. In normal working conditions, the crater 
centres are displaced 1 0  pm from each other, which meant that with a diameter of 
around 50 pm the craters were overlapping on average 80%. For the needs of the 
experiment, single craters were required, which meant that new operating settings had 
to be selected. The new settings, provided parallel lines of single crater 125 pm apart, 
see Figure 4.5.
After completing the experiments, the test pieces are cleaned in an ultrasonic bath, to 
remove any contamination and debris from the surface. Then a 3D surface profile of 
any 3 craters from each experiment set is taken with the use of the white light 
interferometry equipment (MicroXAM, 2003).
4.4 Results and discussion
A study of transient single pulse laser heating in a metal substrate is presented. The 
infrared laser heating source is representative of pulse from a Nd:YAG laser (k = 
1064 nm) with an intensity that has Gaussian time and space profiles. The e 2 pulse
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a). Spaced out hatching, (not operational, separate craters clearly visible)
b). close up of a single laser crater 
Figure 4.5 SEM pictures of laser craters
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duration was assumed to be i  = 10 ps for all experiments. The origin of the time axis 
(t = 0  s) was set so that the maximum laser intensity during the pulse to occur at t = 
0.5t, i.e. the beginning of the pulse and the start of the simulation were coinciding.
The simulation code was written in C++ and was run on standard Windows PC. The 
calculation times were highly dependent on the parameters of the calculation. Thus, 
as it was concluded that results with sufficient accuracy and still detailed enough for 
the scope of the problem can be achieved, the following values were used for all 
simulation runs (unless otherwise stated):
• Increment in x direction Ax = 2 pm
• Increment in z direction Az = 0.4 pm
O Q
• Time step At = 1 x 10" s for stainless steel 316 and At = 1 x 10' s for aluminium 
6082;
It is worth noting, the different spatial increments in x and z. This was brought on by 
the expected results for stainless steel, i.e. the estimated depth (z axis) was expected to 
be in the range of 2  to 8 pm while the radius of the crater (x axis) was anticipated to 
be between 40 and 80 pm. The difference in the time steps for the two materials is 
due to the different material properties of the targets, which are taken into account 
when calculating the stability criterion for the simulations.
Figure 4.6 illustrates the evolution of the temperature in depth (z axis) and time for 
both validation materials. It is evident from the figure, that both target materials start 
melting before t = 3 ps. Although both materials have different boiling temperatures
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Figure 4.6 Temperature distribution along the z axis from a laser pulse with fluence
Fo = 2.56 Jem-2
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(Ty^ = 2753K and Tv316 = 3173K), for both materials the evaporation process has 
already begun at t = 4 ps. The flat top surface of the graphs is representative of the 
already removed material through evaporation in the later graphs and describes the 
evolution of the crater in depth of the target. The aluminium, reaches its highest 
crater depth at time t = 7 ps, while for the stainless steel the depth of the crater 
increases until t = 8 ps reaching its max value of 6 .8  pm. Conversely, the aluminium 
crater is already at depth 18.8 pm. Also, the aluminium target starts cooling down 
before the stainless steel at t = 8  ps, and this is due to the higher thermal conductivity 
of the aluminium compared to the stainless steel. The stainless steel also exhibits a 
decrease in temperature but a microsecond later, meaning that the target is already 
solidifying even before the end of the laser pulse. Nevertheless, the crater depth is 
preserved and can not be decreased once it is assumed that the material has been 
removed.
Figure 4.6 also shows the difference in the distribution of the temperature in both 
materials. At the end of the pulse, the effects from the laser induced heating have 
penetrated the aluminium to almost the full depth of the simulation space (80 pm), 
while for the complete pulse duration, the heat has gone into the stainless steel for 
only 25 pm.
Figure 4.7 shows the development of the crater with respect to the increasing laser 
fluence delivered to the workpiece. The varying parameter is the average laser power, 
because it is directly measurable with the use of laser power meter. The average 
power Pav = 8 .8  W is calculated to produce a laser fluence that is equal to Fo = 2.8 
Jem' . The lowest value of the incident laser power included in the simulation
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Figure 4.7 Simulation crater depths obtained from varying laser fluence
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was Pav = 2.4 W and the corresponding laser fluence is Fo = 0.76 Jem'2. However, it 
is not included in the figure, because the applied energy was not enough for the 
material to reach the evaporation temperature throughout the pulse for both materials. 
Even fluence of 1.27 Jem' was not enough to evaporate material from the aluminium 
substrate, which was enough to remove 0.4 pm of stainless steel.
In general, the material removed from the aluminium substrate is more that the same 
fluence removes from the stainless steel. This can be explained with the difference in 
the boiling temperature of both materials, but also with the higher thermal 
conductivity of the aluminium, allowing for more heat to spread through the material. 
The combination of those two factors results in a crater that is almost 3 times deeper 
in aluminium than in stainless steel.
The 2D profile and 3D surface of a single crater are introduced in Figure 4.8. The 
crater was created in stainless steel with an operational laser fluence Fo = 2.56 Jem'2. 
The average depth of the crater is measured at dm = 4.65 pm, while the simulation 
results for the same fluence produced a crater with depth ds = 5.1 pm (see Figure 4.9).
Figure 4.9 displays the ablation depth obtained from the simulation and is compared 
to the measured depth of the craters. A good agreement between the model results 
and the experiment is achieved on the absolute rate. There is a significant difference 
in the ablation threshold value, the model predicting the start of the material removal 
through evaporation at around Fo = 0.76 Jem'2, while the experiment was still 
removing material at Fo = 0.36 Jem'2. However, the removed material depth was less 
than the depth increment (Az = 0.4 pm) used in the model.
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Figure 4.9 Model predictions and measured crater depths
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It can be seen in Figure 4.9 that, at high fluence, the model predicts that more material 
will be evaporated from the target. And at low fluence, the simulation produces lower 
removal rates. This could be explained by the simplification of the absorption process 
into the evaporated material. The more material is evaporated, the more energy is 
absorbed into it, thus letting a smaller amount of energy to reach the target surface.
Figure 4.10 provides a detailed view of the temperature evolution in stainless steel 
from a laser pulse with fluence Fo = 2.56 Jem'2. There are 10 snapshots of the 
temperature, with a 1 (is step. All graphs have the same arrangement; the x axis of the 
graphs also represents the x axis of the models with the origin located in the middle, 
the graphs’ y  axis is the z depth into the material, thus the zero being at the top of the 
graph. From the temperature’s progress into the material, one also can judge the 
characteristics of the recast layer, i.e. the target material that has been melted and then 
re-solidified.
The melt front is the temperature gradient at which the target material changes state 
from solid to liquid (melt). The melt front propagates through the material ahead of 
the evaporation front, which forms the craters. The location of the melt front at time t 
= 9 (is, can be observed on Figure 4.11. The line representing the melt front is located 
at the melting temperature for the stainless steel Tm = 1670 K. The recast layer in that 
case has a thickness of 5 (im, i.e. this is the distance between the melt front and 
bottom of the crater.
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Figure 4.10 Temperature evolution during the pulse duration (cont’d on next page)
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Figure 4.10 Temperature evolution during the pulse duration x = 10 ps , fluence Fo =
2.56 Jem'2 (cont’d from previous page)
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Time = 9 microseconds
X axis, micrometer
Figure 4.11 Melt front location at t = 9 \x s - simulated recast layer thickness
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4.5 Summary
This chapter, has presented a comprehensive account of the latest and classical 
theoretical models of laser ablation. These models cover a wide range of laser 
ablation processes: continuous wave (CW) and pulsed laser, stationary and moving 
laser, and a wide range of pulse durations, from microsecond pulse laser to the 
ultrafast femtosecond. Then a description is given of the theoretical model developed 
by the author to simulate the material removal from a microsecond Nd:YAG laser (k 
= 1064 nm). A numerical solution for the heat conduction equation with a volume 
heat source resulting from the absorption of the laser light is proposed. The 
theoretical model also takes into account the change of state for the target material. 
An experiment was carried out to measure the profile of the material removed (crater) 
from a single laser pulse. Two different materials were selected for the simulation 
validation: aluminium 6082 and stainless steel Grade 316. The results obtained from 
the crater depth experiment were in agreement with the simulation results for both 
target materials. The simulation results also provide an insight into the effects of laser 
pulses with different power/energy levels.
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In the last chapter, a theoretical model of laser ablation was presented, and the results 
showed a good conformity with the measurements of the crater from a single laser 
pulse. This chapter presents models developed for more complex surface topography, 
to better understand the formation of the surface roughness generated from laser 
milling. The factors are separated in two groups. The first group is responsible for the 
formation of the base surface. Such factors are the crater profile and the overlapping 
of neighbouring craters. The overlapping of the craters is a very important parameter 
of the laser milling process, because it is directly dependent on the frequency of the 
laser /  [kHz] and the scanning speed V [mm/s]. The second group of factors is 
generally factors that degrade the surface quality. The occurrence of debris and recast 
formations are such factors, thus estimation of their effect on the final surface 
topography is attempted. Another factor is the power distribution of the real laser 
beam spot, which leads to the real crater shape differing from the ideal model.
5.1 Base surface formation
The formation of the base surface in laser milling is determined from the overlapping 
of the craters. Figure 2.6 presents the basic 3D geometry and the slicing technology 
in laser milling and in Figure 2.7 the formation of a single slice is described. For the 
formation of the base surface, mainly the single slice will be dealt with (see Figure
2.7), and therefore a more in-depth description is provided below.
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5.1.1 Single slice formation
A single slice contains two different types of laser beam paths (see Figure 2.7). The 
first is the border cuts, which follow the outline of the geometry, and constructs the 
outer walls o f the geometry. This type of laser beam path provides the user with the 
option to apply two or more different laser parameters for machining the geometry 
walls, thus achieving better wall quality.
The second type of laser beam path is hatching. It is usually responsible for removing 
the bulk of the material and the formation of the resultant surface topography. The 
key parameter for both border cuts and hatching is the step-over, which is the distance 
between two neighbouring laser beam traverses (see Figure 5.1 and Figure 4.5a). For 
uniform surface quality in both axes, it is usually set to be equal to the distance 
between two neighbouring laser craters, that is obtained as a result of the combination 
of the scanning speed and the laser frequency. This distance is also the major 
parameter, when calculating the overlapping of the neighbouring craters.
5.1.2 Crater overlapping
Assuming that the 2-D projection of the craters created from the laser material 
removal are ideal circles with a given radius R, the following equation can be derived 
for the area of the circle-circle intersection (see Figure 5.2):
- 1 1 0 -
Chapter 5 Complex surface formation
Laser beam 
Dath
Distance between the centres of 
neighbouring craters
Figure 5.1 Formation of a hatching slice
Crater from first 
laser pulse Crater from second laser pulse
Laser beam 
scanning direction
Figure 5.2 Overlapping craters
- Ill -
Chapter 5 Complex surface formation
A = 2R2 cos-1 —  - - V 4 R1- ^  Eq. 5.1
k2Rj
where A is the area of the circle-circle intersection, R is the crater radius and d is the 
distance between the centres of the two circles or pulse distance. The pulse distance d 
is the distance that the laser beam traverses in the time between to consecutive pulses:
d - V x T  = — Eq. 5.2
/
where T is the pulse period. If V is measured in [mm/s] and/is in [kHz], the result for 
d  is in [|im].
In order to find the percentage of overlapping area, apply the following formula:
= Overlapping _ Area y
O a t * 7 '  L J iArea _ o f  _circle
Figure 5.3 shows the distribution of the area overlapping for different laser 
frequencies and laser beam scanning speed. This relationship provides means to 
investigate the more complex topography generation from a line of craters and further 
understand the formation of laser milled surface.
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Figure 5.3 Area overlapping of craters, as a function of pulse frequency /  and
scanning speed V
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5.1.3 Surface of 3D craters
In the previous chapter, the profile of a single crater was investigated, and the 2D 
cross-sections of such craters obtained for different laser beam intensities (see Figure
4.7). With the help of modern CAD packages, the obtained profiles can be used to 
create a 3D representation of the material removed from a single laser shot. 
Considering the relationship describing the behaviour of the moving pulsed laser 
beam together with the slice formation, one can interpolate a representation of the 
surface topography resulting from machining a single slice with laser milling.
Figure 5.4 presents a simulation of material removal from a block of material, 
following the described laser milling parameters. The first figure shows a surface 
created with an equal crater spacing in both axis jc and y. The second utilises two 
different values for the crater spacing in each axis. The difference in the resultant 
surface is obvious: the even spacing produces a surface that follows an even pattern in 
each direction, while the varying spacing produces a clear creased topography. 
Depending on the difference in the spacing, i.e. the area overlapping of the craters due 
to the laser milling parameters, the surface roughness will be different in each 
direction.
The more important question is what is the optimal area overlapping in order to 
achieve the best possible surface roughness. Since the size and geometry of the 
craters is strongly dependent on the power of the laser beam, therefore one can expect 
to have different values for the optimal overlapping for different laser power levels.
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Figure 5.5 presents the effect of the varying crater depths on the absolute Ry of the 
resulting surface. The simulation is created with constant hatching distance in both x- 
and y-directions and is equal to 10 pm. The varying crater depths represent the 
different power levels of the laser, thus indirectly the figure shows the effect of the 
power on the surface roughness.
While Figure 5.5a displays almost linear relationship between the Ry surface 
parameter and the crater depth for the stainless steel, the relationship for the 
aluminium shown in Figure 5.5b is completely different. The graph still has a linear 
section below 12 pm depth. Above that the graph gradually flattens and even there is 
a slight drop in Ry above 20 pm depth. It is worth mentioning the values for the crater 
depths in both materials correspond to the same fluence range for the laser.
Therefore, it becomes obvious from Figure 5.5, that the large craters created in the 
aluminium workpiece, also produce a higher surface roughness. Still, the effect of the 
deeper craters is limited, and above a certain point, the effect reversed.
The combined effects of the varying hatching distance and crater depth on the Ry 
surface parameter, is introduced in the next Figure 5.6. The figure shows the 
predicted effects of varying the distance between the craters, when both directions are 
equal.
The hatching distance has a definite effect on the Ry of the resulting surface for both 
considered materials. The relationship for both materials is almost identical, and the
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a), equal spacing in both jc  and>>
b). different spacing in jc  and y
Figure 5.4 Formation of the base surface in laser milling
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overall effect of the different materials is only obvious with the changing crater 
depths. Nevertheless, the effect of the hatching distance on the Ry parameter is 
considerably weaker than the laser power. For example in stainless steel, the increase 
in Ry is 0.3 pm and 1.1 pm for the 2 pm and 8 pm deep craters respectively.
Another very significant factor in forming the surface roughness is the recast debris 
that falls down on the material surface near or inside the crater itself.
5.2 Secondary surface formation effects
The secondary surface formation effects are basically the negative effects of the real 
material removal process as opposed to the ideal case scenario, considered in the base 
surface formation. We will consider the effects on the final surface topography from 
the debris and recast formations (Zhu, 2000), and crater shape imperfection.
5.2.1 Debris and recast formations
Figure 4.8(b) shows 3D view of the surface profile from a single crater created from 
laser fluence Fo = 2.56 x 10' Jem' . The crater is clearly distinguishable, and the 
surrounding material surface is covered in molten debris ejected from the crater 
during the laser pulse and re-solidified. Since the location and the amount of debris 
are result of random factors, which are impossible to predict in advance, it is 
reasonable to simplify the task and only investigate the detrimental effect that they 
have on the surface roughness.
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Comparing the surface profiles for single craters created from different laser milling 
system parameters, can provide a reasonable approximation of the amount of material 
ejected from the crater and deposited on the surface, very much the same way that it 
was done for the material removal. Calculating the volume and measuring the 
average height of the recast debris is possible from the surface profiles of the single 
craters and will provide a quantitative measure of the detrimental effects on the 
formation of the final surface topography. Also it is reasonable to assume that the 
volume of the debris will be in direct relationship to the volume of material removed 
for the formation of the initial “parent” crater.
5.2.1.1 Volume and height of debris
To calculate the volume of debris, re-solidified on the top surface of the target 
substrate, it is assumed that initially the top surface is flat. After producing the craters 
everything above the top surface is debris deposited from the material removal 
process that formed the crater.
Calculating the volume of material above the top surface of the substrate was based 
on the data from the surface profiles of the craters, reported in the previous chapter. 
The profiles are created on a white-light interferometry surface profiler (MicroXAM, 
2003). The native data format of the system was not described in detail, thus an 
export of the data was required in a standard text format. The files obtained in this 
way could be readily processed with any spreadsheet software.
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In order to filter out the noise in the data, a threshold value was introduced. The 
threshold was set at 1000 times the depth increment of the MicroXAM equipment. 
The depth increment was different for all data sets, but generally around KT4 
micrometers. Values, lower than the threshold, were disregarded in calculating the 
total volume of the debris.
Figure 5.7 shows a comparison between the volume of the craters for different laser 
powers, calculated on the basis of the simulation results from the previous chapter and 
the volume of the surface debris. There is a substantial correlation between the two 
graphs, although at the lower powers, the amount of debris is larger than the volume 
of the crater. This is obviously due to the fact that the model was also predicting less 
material removal (a smaller volume crater) at lower laser power levels, than in reality. 
At the 10W average power, over 70 % of the material taken away from the crater was 
deposited on the surface and re-solidified.
Figure 5.7 also contains a graph of the average height of formations above the top 
surface of the sample. It shows that the average height of the debris, has a lower 
dependence on the volume of the crater, and although there is smaller volume of 
molten material at the lower power settings, there is still debris with average height 
over 1 pm. The worst result was obtained from the highest laser power setting, and is 
over 2  pm.
These results show that, as expected, the effect of the debris and recast formations on 
the resultant surface topography is considerable. If we assume that the average height 
of the debris will transform directly in a real surface roughness, then the obvious
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Figure 5.7 The volume of the craters for different powers compared to the volume of
surface debris (stainless steel 316)
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conclusion is that the less laser power is applied to the workpiece, the better the 
surface finish. Less power means, that there will be less material removed by a single 
pulse, therefore the overall time to finish a given job will increase.
5.2.2 Crater shape imperfection
In Section 5.1.3, it was discussed to recreate the surface topography resulting from the 
laser machining a single layer from the target. For the purpose of the simulation, an 
ideal shape, an approximation to the shape of the real laser pulse crater was used. 
Such an idealised shape made the simulation easier to handle and provided enough 
accuracy and information for the formation of the base surface.
Since in reality, the crater does not have the ideal shape, but a shape that varies from 
one pulse to the next, it is reasonable to introduce the difference between the ideal and 
the real shape as a factor that has a detrimental effect on the final surface roughness.
It is presumed that the random crater deformations are due to a couple of major 
factors:
• Non-uniform power distribution of the laser pulse
• Debris and recast formations in the crater
The last factor is associated with the debris and recast formations, which were 
discussed in the previous Section of this chapter. It is logical to assume that some of 
the debris that burst out of the crater, and then fall back down to the top surface of the 
substrate, some of them will fall back in the crater itself, and re-solidify there.
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The first factor has to do with the quality of the laser source and the optics that are 
employed. The intensity distribution of the Nd:YAG laser is presumed to have 
Gaussian distribution in space, but the quality and age of the laser source generate 
distortions in the spatial profile of the laser beam. The quality of the optics, such as 
lenses and mirrors, introduces additional deformations, which further distort the beam 
profile (see Figure 5.8).
The overall result is that the shape of the craters will greatly affect the final surface 
finish that can be obtained from laser machining. The effect of the debris is still 
random in its nature, and the measurement of the laser beam profile requires 
expensive equipment, that was not currently available. This compelled the use of 
other means to assess the effect of the crater deformities on the resulting surface 
topology.
Since only the bottom portion of the crater cross-section is of interest (see Figure 5.9), 
which constructs the final surface following the overlapping from the neighbouring 
craters. This type of measurement is very subjective, because the boundaries of the 
bottom surface of a crater are assigned arbitrarily by the user. Thus, the following 
rules were introduced for the measurement of maximum and minimum points inside 
the crater itself. Firstly, the minimum is easily located, as it is the lowest point of the 
crater. Second, the maximum is the highest value where there is a change in the sign 
of the gradient of the curve below the surface level (see Figure 5.9).
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a). Measurement of real laser beam profile (Spiricon Inc, 2003)
b). Ideal Gaussian beam profile 
Figure 5.8 Laser beam intensity profiles
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An example of the minimum and the maximum points in the cross-sections of two 
craters created with different laser powers is shown in Figure 5.9. Although, the 
difference for both power levels is not considerable (around 0.5 pm), it still becomes 
obvious that the effect of the laser beam characteristics, such as optical focus and 
power distribution, are influencing the final surface roughness.
5.3 Summary
This chapter has investigated the factors that are considered influential in the 
formation of the complex 3D surface topography resulting from laser machining. The 
factors are separated in two groups: formation of the base surface and secondary 
surface formations. The base surface is shaped mainly by two laser milling process 
characteristics: the crater profile and the overlapping of the neighbouring craters. 
These were investigated with the help of CAD tools, simulating the operational 
overlapping in both x- and y-directions of idealised craters. An analysis of the effects 
on the surface roughness of such process parameters as scanning speed and hatching 
distance is performed. The single crater profile, and indirectly the laser power, is also 
investigated, and is shown to be an influential factor in formation of the base surface 
topography.
The secondary surface formations generally refer to factors that are detrimental to the 
surface finish achieved in laser milling. The factors studied here are volume and size 
of debris and recast formations, and the crater shape imperfections. The volume and 
height of the debris and recasts deposited around the single crater is measured and 
compared to the volume of the crater. The crater shape itself, inherits
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a considerable distortions compared to the idealised crater used earlier. The quality of 
the laser beam and the optical properties of the beam path contribute to a deformed 
power distribution that plays an influential role in the formation of the crater achieved 
through laser milling.
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So far, the work presented has concentrated on the laser machining process and the 
direct results from the interaction of the laser beam and the target material. The 
previous chapter presented 3D surface considerations from the laser beam traversing 
the topmost surface of the substrate, such as crater overlapping, debris and recast 
formations. This chapter will introduce cleaning techniques for removing the debris 
and contamination from the sample, thus further improving the surface quality of the 
finished product. Four diverse techniques will be investigated here: laser “cleaning”, 
ultrasonic cleaning, deoxidisation (or pickling), and electro-chemical polishing.
6.1 Laser cleaning
6.1.1 Description of the process
Laser cleaning is founded on the same principles as laser milling, but instead of 
having the target material in the focal point of the laser beam, an offset is introduced 
to the extent that there is not enough fluence for material removal (Tam et al, 1992; 
Shao et al, 2005; Hsu and Lin, 2005). The substrate material is only heated enough to 
reach the melting point for the given material and in this fashion any debris and other 
recast contaminants are “flattened”.
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Figure 6.1 presents the set-up for the normal laser ablation operation, when the laser 
beam is focused on the top surface of the substrate, in order to achieve a maximum 
power density which is sufficient to raise the temperature of the material to the boiling 
point. Any deviation from the accurate focal distance normally results in a decrease 
of the volume of material that is removed from the target, thus this has a detrimental 
effect on the outcome characteristics of the laser milling process. Since this is usually 
an undesirable effect during normal laser milling, there is an optical sensor system 
that measures the distance to the top surface and modifies the power output of the 
laser system so that it produces a constant removal rate.
Laser cleaning actually operates the system in this defocused state (see Figure 6.1). 
This way, the laser beam does not reach enough power density to essentially perform 
material removal, but only to soften the top-most surface layer and any debris that 
were deposited from the machining of the previous layer. Therefore, this technique is 
best used as the last layer when machining a feature, or applying it when the laser 
beam follows the border cuts (see Figure 2.7). The two options cover potential 
features created with laser milling from all possible sides. The last layer to be 
machined forms the bottom surface of the features and the sidewalls are cleaned with 
border cuts operating the cleaning technology. Nevertheless, the cleaned sides will 
always display a fraction of the improvement that is achieved on the flat surfaces, 
because of the inherent problem with laser ablation, also responsible for the draft 
angle on the sidewalls.
-130-
Chapter 6 Cleaning of laser machined surfaces
In order to further investigate the surface roughness improvement that can be 
achieved with the application of the laser cleaning technique, a straightforward 
experiment was carried out.
6.1.2 Experimental set-up
The presented experiment was developed to investigate the effect on the surface 
roughness that can be achieved from laser cleaning. The experiment focuses only on 
flat bottom surface of the feature geometry, because sidewalls and inclined surfaces 
are always disadvantaged when laser ablation is employed.
The materials to be used in the experiment were chosen to be stainless steel 316 and 
industrial copper. The initial target surface was polished under Ra = 0.5 pm to avoid 
any inheritance from the original surface topography to the surface roughness of the 
machined experimental features. The materials were chosen for their different laser 
milling characteristics: 316 usually produce a better surface finish than copper, though 
it produces and retains more recast layer and debris. In order to avoid the effects of 
the recast layer and debris on the final surface roughness, both materials are cleaned 
in an ultrasound bath before the measurements are performed.
The experiment variable is the offset of the focal spot from the topmost surface of the 
target. The focal offset is varied from -3 mm to 3 mm. The assumed reference 
surface finish is measured on the experiment patch with the offset equal to zero, 
which is the normal machining operation of the system. To obtain the best settings for 
parameters of the laser milling system, an optimisation set-up session is carried out on
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each material workpiece. The optimisation starts with some already established 
parameter values for the given material, and the system is then run on the workpiece 
for a number of layers. With every given number of layers, the machined depth is 
measured, providing the average material thickness removed per layer. The aim is to 
achieve a stable layer thickness, usually equal to 2 pm. The optimised laser settings 
for both experiment materials are given in Table 6.1. The physical and thermal 
properties of the two materials are given in Table 3.6 and Table 4.1 for copper and 
stainless steel respectively.
Under review, the greatest difference in the thermal properties of both materials 
comes from the thermal conductivity. The thermal conductivity of copper is 4 times 
larger than the one of stainless steel 316. This can explain the considerable difference 
between the machining parameters of the laser milling process for the two target 
materials. Specifically, the average laser power applied to machine copper is 
significantly less than that used for the stainless steel. The pulse frequency and 
scanning speeds for both materials also differ with a factor of 4. Again the stainless 
steel utilises the higher setting of 400 mm/s compared to 100 mm/s for the industrial 
copper. Thus in order to properly machine stainless steel, in comparison to copper, 
the laser milling process needs more powerful pulses, with a shorter pulse period and 
scans along the workpiece surface at a higher speed. If one considers only a single 
crater, neglecting the laser frequency and the scanning speed, one can see that in order 
to remove the same amount of material, the process applies four times the average 
power.
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Figure 6 .1 Normal and cleaning operation of the laser milling system
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Parameter Industrial Copper Stainless steel 316
Laser flashlamp current, I  [%] 59.6 71
Average laser power Pav [W] 2.36 7
Frequency /[kH z] 10 40
Scanning speed V [mm/s] 100 400
Pulse duration x [ps] 10 10
Hatching distance [pm] 10 10
Sample size, mm 2 x 2 2 x 2
Table 6 .1 Laser milling settings for the focal spot offset experiment
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The following section presents the results obtained from the performed experiment on 
the effect of the offset of the laser focus on the surface roughness obtained from laser 
milling.
6.1.3 Results
The proposed experiment was carried out successfully. A total of 9 test patches were 
machined on each test workpiece. The surface roughness was measured at two 
different locations for each patch on the MicroXAM surface profiler.
Figure 6.2 introduces the average surface roughness obtained from the two 
experiment materials: stainless steel grade 316 and industrial copper. As expected the 
average surface roughness achieved on the copper is higher than what was measured 
on the 316. The lowest values acquired on both the copper and the 316 are R* = 4.98 
pm and Ra = 1.7 pm respectively. Also both graphs exhibit different characteristics. 
The graph for the surface roughness of the stainless steel is almost symmetrical 
around the zero offset, while the copper is asymmetrical.
The best result Ra = 4.98 pm, measured on the copper was with the offset equal to -  2 
mm. Nevertheless, it is marginally better than the one measured for the normal 
operational offset. It is important to emphasise the fact that the graph does not show a 
similar result for the offset equal to + 2 mm. As can be seen on Figure 6.2 the 
stainless steel graph is closer to symmetrical about the zero offset, which is reasonable
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Figure 6.2 Surface roughness vs. the offset of the laser focal spot
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to expect from the symmetrical optical de-focussing process. The copper’s surface 
roughness is so high that the effect of the de-focussing is actually the opposite, instead 
of improving, there is a marginal increase in the measured roughness. This is the 
other significant difference between the two materials: while the copper sample has 
one of the best results at the zero offset, and its surface finish generally deteriorates as 
you move away from it. Contrary, the stainless steel measurements shows that there 
is a maximum in the middle of the graph, around the zero, then the graph drops 
indicating an improved surface roughness at the ±1 mm offset with around 27 % 
improvement. Going further out it becomes obvious that the effect of the de- 
focussing on the roughness decreases and it returns to the reference value.
Figure 6.3 introduces the 3D profiles from the surface roughness measurements of the 
reference (0 mm) and -1 mm patches. Under inspection the differences between the 
two regimes becomes obvious, and especially the effect of the de-focussed laser on 
the final target topography. The difference in the surface roughness can be observed 
in the more smooth profile of the -1 mm patch compared to the coarse and irregular 
reference.
This effect can also be observed in Figure 6.4, which presents line profiles taken from 
the same patches as in Figure 6.3. The line for the reference test is again erratic and 
irregular as opposed to a smoother line from the -1 mm patch.
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Figure 6.3 3D surface profiles of stainless steel 316
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a), after -1 mm laser cleaning
b). before laser cleaning
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Figure 6.4 Line profiles of the roughness obtained from the 316 workpiece
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The results for the copper did not provide the same difference in the surface 
roughness, as with the stainless steel sample, but this is mainly contributed to the 
almost 3 times larger Ra figure. Appendix C provides the graphs and 3D profiles for 
copper.
6.1.4 Discussion
A technique for cleaning laser milled surfaces is introduced. The technique utilises 
the de-focused laser beam to traverse the surface very much the same way as in 
normal laser milling. In that way only a fraction of the normal machining power 
density is achieved. The result is that the beam does not remove material from the 
target, but is powerful enough to melt and smooth out any surface irregularities. But 
as with all laser machining processes, the result obtained from this technique is highly 
dependent on the target material. Two different materials, industrial copper and 
stainless steel 316 were selected for testing the laser cleaning method, with 
controversial results.
The experiment comprised of testing both materials with the same range of focus 
offset, considering the reference point for examining the results to be the offset equal 
to 0. The range selected for the offset was from -3 to +3 mm. The laser settings were 
selected for each material based on an optimisation technique, aimed at achieving a 
stable and uniform laser milling process. The process parameters were not optimised 
for better surface roughness, in order to resemble normal machining conditions.
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The results obtained from both materials, see Figure 6.2, provide an insight into the 
laser milling process. Copper produces a high surface roughness, and the laser 
cleaning has a small or no effect at all. On the contrary, the stainless steel sample 
attains a low surface finish, and then improves on it through the laser cleaning 
process.
Another difference between the two test materials is the expected symmetry in the 
effect of de-focussing the laser beam. Since this is an optical process, and the selected 
range for the offset was selected symmetrically around the normal focus distance for 
the system, it was expected that the experiment would produce symmetrical results. 
And the results from the stainless steel workpiece confirm this assumption. The 
copper, on the other hand, produced results with asymmetrical characteristics.
The laser cleaning technique is still a part of the laser milling process. The following 
sections introduce cleaning techniques that are applied post laser machining.
6.2 Cleaning and deoxidisation
All surfaces that have been machined with the long-pulse laser possess the same 
negative characteristic: oxidised recast debris. The range that is contaminated with 
such debris is not limited to only the machined surface, but it usually spreads around 
the machined feature and can reach or damage neighbouring structures. In order to 
clean this debris, two separate methods are described: ultrasound bath and chemical 
de-oxidation.
-141 -
Chapter 6 Cleaning of laser machined surfaces
6.2.1 Ultrasonic cleaning
Ultrasound cleaning is an established process for removing micron-sized particles 
from an object without the need for additional cleaning agents. The ultrasonic 
cleaning operates by exerting mechanical oscillations of high frequency (Qi and 
Brereton, 1995; Goode et al., 1998). Ultrasonic cleaners used in manufacturing lines 
are mostly composed of an electrical oscillator and a mechanical vibrator. The 
mechanical vibrator, whose transducers transform an electrical signal into a 
mechanical vibration, is submerged in or attached to a cleaning tank that contains a 
cleaning liquid. The workpiece to be cleaned is immersed in the tank and a high 
frequency signal is run through the electrical oscillator (Kim et al, 1999).
The conventional ultrasonic cleaning methods depend on the mechanisms of high- 
frequency acceleration and cavitation in a cleaning liquid. There are two types of 
ultrasonic cleaning, depending on the frequency range that they operate. The first one 
usually operates in the range of several decade kHz and utilises cavitation to remove 
dirty particles up to several microns. In order to remove smaller particles, such as 1 
pm or less, and to prevent cavitation damage to the workpiece, the second type of 
cleaners operate at much higher frequency, typically around 1 MHz. This type of 
ultrasonic cleaner employs high-frequency acceleration forces to separate and remove 
contamination. The second type is used for cleaning of photo masks production or 
silicon wafers in the semiconductor industry (Kim et al, 1999).
The diagram of an ultrasonic cleaner operated at 28 kHz is shown in Figure 6.5a. The 
high-frequency vibration of the vibration plate creates ultrasonic waves into the
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Figure 6.5 Diagram of ultrasonic cleaners
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cleaning liquid. When these waves reach the cleaning object, ultrasonic cavitation is 
generated on the object’s surface. The pressure waves induce a succession of 
compression and expansion of gaseous micro-bubbles in the liquid and even micro­
explosions occur on the object’s surface. In this way, the unattached debris and 
contamination are separated from the object to be cleaned. The efficiency of the 
cleaning process depends highly on the magnitude of the acoustic pressure level 
(Flynn, 1964). But there is a drawback to using a very powerful ultrasonic generator, 
because high cavitation can have some undesirable effects on the surfaces of the 
workpiece.
On the other hand, the ultrasonic cleaner removing much smaller particles, such as 1 
pm or less, and does not induce cavitation damage is operated at much higher 
frequency, around 1 MHz (see Figure 6.5b). This kind of cleaner relies on the high- 
frequency acceleration force and is used for example for the cleaning of photo masks 
or silicon wafers in the semiconductor industry (Qi and Brereton, 1995; Hatano and 
Kanai, 1996; Kuehn et al, 1996). As shown in Figure 6.5b, megasonic cleaning is 
performed in a megasonically-exited liquid enclosed in a double container, whose 
inner container is made of a non-metallic material such as fused quartz or Pyrex glass 
so as to isolate the cleaning object from the metallic ions. The megasonic waves 
generated by the piezoelectric transducers propagate in the outer container and are 
transmitted through the inner container. The bottom of the inner container is inclined 
to make oblique incidence of the megasonic wave in order to raise the efficiency of 
the wave transmission through the bottom plate (Hatano and Kanai, 1996).
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The ultrasonic bath utilised in this research is of the 28 kHz type. The workpiece to 
be cleaned is suspended in a single tank, and ultrasonic generator is actuated 
underneath outside of the tank. Optional temperature control is also available, for 
investigating the effects of raised temperature levels on the cleaning process.
Figure 6 .6 a presents the results from laser milling a 4 mm side square. The resulting 
feature is surrounded with debris and its bottom surface and the sides are covered in 
recast material, deposited there during machining. The distance range of the debris is 
considerable and exhibits a deposition tendency in the direction away from the viewer 
when looking at Figure 6 .6 a. In fact, this misleading debris orientation is created 
from the suction device which is positioned close to the machining area in order to 
remove some of the material ejected during machining.
Figure 6 .6 b on the other hand displays the same feature after ultrasonic cleaning. The 
workpiece was immersed into an ultrasonic bath for 5 minutes. The cleaning liquid 
was water with industrial degreaser added to remove oils or lubricants and further 
improve the cleaning process. After completing the cleaning cycle the workpiece was 
rinsed with water and then air-dried.
When comparing the two photos the effectiveness of the ultrasonic cleaning process is 
obvious. After cleaning the debris are removed completely, including the ones that 
were deposited directly on the machined surfaces, where the debris was probably 
fused solid to the base surface, which is now clearly improved. The edges of the 
feature are also improved and are now noticeably sharper and defined.
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a), without cleaning
b). after cleaning 
Figure 6 .6  Laser milled feature before and after ultrasonic cleaning
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Although, the quality of the machined surfaces is greatly improved from the ultrasonic 
cleaning, they are still covered in recast oxidized layer, which is much harder and 
more difficult to remove.
6.2.2 Chemical deoxidisation (pickling)
Pickling is a term describing a collection of industrial processes aimed at cleaning or 
removing oxide scales and chromium-depleted layer that forms on the surface of 
industrial metals (most common is stainless steel) during their processing at high 
temperatures. Pickling consists of mechanical, electrochemical and/or chemical 
operations (Li and Celis, 2003; Li et al, 2005). Generally, metals are immersed into 
solutions of acids which react with metal, metal oxides, heat-treat scale (e.g. from 
welding) and foreign metals and the resulting salts are subsequently removed from the 
metal surface through brushing. The chemical reactions between metal, oxide and 
acid can be described as follows (Rudy, 2002):
M etal Oxide + A cid  = M etal Sa lt + Water 
M etal + A cid  = M etal Sa lt + Hydrogen (proton)
Hydrogen (proton) + H ydrogen (proton) = Hydrogen (gas)
The metal substrate, as is, has an oxide surface layer before immersion in the pickling 
bath. This condition was probably accentuated by a previous thermal operation 
performed on the metal substrate. The oxide layer hurts the prospective finish in two 
ways: adhesion of electrodeposits to the base metal will be poor, and the metal surface 
in an oxide condition is a poor conductor. The oxide must be totally removed without
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introducing any damage to the rest of the structure. Depending on the degree of 
surface acid treatment, this can be done in a single immersion, double immersion, or 
cathodically in an electrified acid. Acid formulations, available in liquid or powder, 
are available in three common forms:
• Single constituent, mineral, inorganic type
• Combination of two or more acids. May consist of inorganic and organic acids
• Single or multi-acid combinations, which also contain surfactants, dispersants, and 
inhibitors.
The acids dissolve the oxides and other thermal debris contained in the surface layer. 
They can also remove scales and rusts. Sulphuric acid (H2SO4) is perhaps the 
cheapest of the acids used and has reduced fumes. Hydrochloric acid (HC1) provides 
a much better rate of pickling action at lower temperatures but does generate more 
fumes. Phosphoric acid (H3PO4) must be heated to achieve acceptable pickling 
activity, and formation of light iron phosphate films on the surface may be detrimental 
to subsequent electroplating step.
Surfactants and wetting agents lower the solution surface tension, permitting the 
bath’s active agents to more readily penetrate into and attack undesirable surface 
coatings and films. Other beneficial functions include emulsification of residual oils 
and grease (not removed in previous alkaline cleaning or carryover) and the formation 
of a thin surface foam blanket to help retard the corrosive effects of fumes and mists. 
Dispersants prevent redeposition of removed soils. Inhibitors provide two-fold effects:
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controlled pickling, which prevents excessive surface action, and prevention of 
immersion deposits in aged, contaminated baths.
The pickling process is similar, but should not be confused with the electrochemical 
polishing process. The differences and the effects of an industrial pickling solution on 
a stainless steel substrate will be discussed later as a part of an experiment for 
identifying the effects of electrochemical polishing on laser milled microstructures.
6.3 Electro-chemical polishing
The electro-chemical machining (ECM) process is based on the principle of anode 
metal dissolution in an electrolyte (Wilson, 1971). The process was first introduced in 
1929 and proved to be exceedingly advantageous for high-strength and high-melting 
point alloys. Industrial applications have been expanded to electro-chemical drilling, 
deburring, grinding and electro-chemical polishing (Tam et al., 1992).
Electro-chemical polishing is a process of improving microsmoothness 
(microgeometry) and brightness by anodic dissolving of the substrate in an electrolyte 
with an external source of electricity (Rudzki, 1983). The basic mechanism of 
electro-chemical polishing is immersing a metal target into a chemical solution and 
making it the anode in a direct current circuit. The process is highly dependable on 
the ability of the solution to polish only the external (outer) surface of the material 
without the occurrence of corrosion pits, to penetrate the substrate, as occurs during 
the etching process.
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There is considerable interest in the electrolytic and chemical processes for the 
polishing of metallic surfaces. The most common commercial application areas are 
for polishing components made of aluminium, stainless steel, brass, nickel and silver, 
generally components which are difficult or expensive to polish mechanically 
(Hocheng and Pa, 2003). The beneficial effects of industrial electro polishing of a 
workpiece are threefold (Kao and Hocheng, 2003). Firstly, micropolishing -  the 
removal of the irregularities on the surface of about 0 .0 1  mm in size making the 
component’s surface more reflective and bright, while the smoothness of the surface 
might not get improved. Second, macropolishing -  the removal of irregularities 
larger than 0 .1  mm in size, provides a smooth surface, but does not guarantee the 
attaining of brightness. And third, passivation -  as a result a chemically passivated 
layer is produced, which can not be obtained through any mechanical polishing 
process.
Electro-chemical polishing does not “flow” the surface, as happens in mechanical 
polishing, thus surface defects such as deep scratches, machining marks and flaws in 
the metal, will not be removed through electro polishing.
The electro-chemical polishing process may be linked to electroplating in reverse, 
because it requires the same equipment setup: tank, solution and low voltage direct 
current provided by a rectifier. There is one essential difference between the two 
processes: in electropolishing the components are made the anode in the circuit, while 
in electroplating they are the cathode.
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As with electroplating, electro-chemical polishing is generally applied on macro-scale 
components, and the application of the process for improving the surface finish of 
laser milled surfaces poses a considerable challenge. The macro-scale 
electropolishing process depends on a uniform material structure, freedom from 
surface inclusions and good consistent surface finish all over the component. In 
contrast, laser milled features are mostly depressed into the material, with worse 
surface roughness than the rest of the component and a significant presence of foreign 
or recast particles on the surface. Thus, it is important to investigate in detail the 
effects of electrochemical polishing on microstructures machined by laser milling.
6.3.1 Electro-chemical polishing of microstructures
Electro-chemical polishing is a process that has the potential to improve considerably 
on the surface finish obtained from laser milling. There are a number of factors that 
need to be considered when investigating the achievable improvement and the effect 
that the polishing will have on the surface topography. The major factors that 
influence the electro-chemical polishing are micro-scale features, temperature control, 
solution agitation, duration, and external source of electricity.
The micro features factor is related to the recessed features resulting from laser 
milling. The micro-size will further inhibit the polishing process on the surfaces of 
interest. The small size will prevent the access of a fresh solution to the target area, 
and will result in an adverse concentration of the dissolved material. The higher the 
concentration of the target ions in the solution (i.e. the solution becomes “dirty”), the
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less effective the polishing process becomes, and this could lead to local overheating 
of the substrate.
The electrolyte of every electro-chemical polishing system has a definite range of 
optimum operating temperature. A decrease of the temperature below this range 
could lead to an increase of the viscosity of the electrolyte, thus obstructing the 
diffusion of the dissolved products into the electrolyte and the supply of fresh 
electrolyte.
Agitation of the solution is a multipurpose factor that can decrease the effects of the 
micro-features. It can provide the following advantages (Rudzki, 1983): 1). improve 
the supply of fresh electrolyte to the micro-recesses; 2 ). eliminate the undesired 
concentration of the dissolved material at the substrate; 3). stimulate the release of gas 
bubbles from the polished substrate which may cause, e.g. pitting; and 4). prevents 
local overheating of the workpiece.
The duration of the electro-chemical polishing depends on the initial workpiece 
material and conditions, and electrolyte composition, amongst other factors. 
Excessive electropolishing does not produce a significant improvement of the surface 
quality and actually sometimes may even produce the opposite effect. There is also a 
relationship of the duration of the process to the current density. Typically, an 
increase of the current density will shorten the electropolishing time.
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In practice the ECP is controlled by the current density provided from the external 
source of electricity. The anodic current density is given as c.d. = I/S, where I  is the 
electricity current in [A], S  is the surface of the anode workpiece in [cm2].
Figure 6.7 presents the setup used for the electro-chemical polishing experiments. 
The DC power supply provides a variable voltage from OV to 32V with a direct 
current up to 12 A. The voltmeter is used for setting the operational current thus 
controlling the current density applied to the anodic workpiece. There are a number of 
methods to control the surface area of the anode. One is to selectively cover the 
workpiece with an acid-resistant compound, and only leave open a precise area of 
interest. In order to resemble the electrochemical polishing process of a macro 
component with micro features as close as possible, the workpiece is not covered, but 
selected to a specific size that corresponds to optimum current density.
The workpiece material selected for the experiment was 316 grade stainless steel in 2 
mm thick sheets. The 316 stainless steel was chosen due to the good electro-chemical 
polishing capabilities o f the material and the fact that there are numerous recipes for 
the polishing electrolyte. The sheet material was cut to 2 cm square providing a total 
anode surface area equal to 9.6 cm2. The faces of the workpiece were mechanically 
polished to give a very good initial surface finish (average Ra = 0 .1 1  pm).
There were two types of features selected for this experiment. One was a large area 
shallow feature, designed to provide the true efficiency of the electro-chemical 
polishing on a laser milled surface. On the other hand, the second feature was 
designed to investigate the specific effect of electro-chemical polishing on deep
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micro-sized features. The second test feature had a smaller area and was deeper 
achieving a higher aspect ratio. The rationale behind this choice of features was to 
obtain the effects of the process on micro-sized lateral dimensions especially in 
deeper structures, where there is constrained agitation of the polishing solution thus 
impairing the electro-chemical polishing.
The solution agitation is provided by the electromagnetic stirrer (see Figure 6.7). The 
stirrer was also equipped with a ceramic hotplate, providing a temperature control for 
the electro-chemical process. The electrolyte together with the cathode in place is 
brought to the desired temperature before introducing the workpiece and commencing 
the process.
The material selected for cathode was industrial copper. A sheet of copper was 
shaped in a 3-cm wide strip and then rolled to obtain a ring smaller than the beaker 
diameter. In this way, the workpiece could be placed in the middle of the beaker and 
be surrounded with the cathode from all sides, providing a uniform electrical potential 
from all sides. Also the shaped cathode gave space for better agitation surrounding 
the 316 workpiece.
All test structures were machined on a single 316 workpiece, and the laser milling 
settings are provided in Table 6.2. After machining, the workpiece was cleaned in an 
ultrasonic bath for 6  min at room temperature.
The next step was to remove the oxides and other contaminants by immersing the 
experiment workpiece in a pickling solution (Anopol Ltd., 2000). The chemicals
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Parameter Stainless steel 316
Laser flashlamp current /  [%] 6 8 .8
Frequency /[kH z] 40
Scanning speed L[mm/s] 400
Pulse duration x [ps] 10
Hatching distance [pm] 10
Table 6.2 Laser milling process parameters
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were obtained in ready to use form (nitric acid HNO3: 20 %; Hydrofluoric acid HF: 7 
% and additives) The setup employed was the same as with the electro-chemical 
polishing (see Figure 6.7) except for the use of electrical current. The duration of the 
pickling process was set to 10 minutes at room temperature. Subsequently, the test 
piece was rinsed and air-dried prior to all measurements. Surface roughness 
measurements were taken from the experimental structures for comparison.
For the electro-chemical polishing process, the workpiece was submerged in a ready 
to use solution with the following composition (Anopol Ltd, 2000): sulphuric acid: 
15% to 50%, phosphoric acid: 25% to 60%. The solution was at 55 deg Celsius 
during the polishing experiment. The duration of the process was set to 10 min at a 
voltage providing anodic current density of 20 A/dm . The polishing duration was 
selected after some preliminary polishing trials, and proved to achieve good results on 
stainless steel. After completing the process, the workpiece was again rinsed and air- 
dried. Consequently, a new set of measurements were taken from the experimental 
surfaces on the interferometry surface profiler.
6.3.2 Results and discussion
The experiment was carried out following the laid out plan. Table 6.3 provides the 
results from the surface roughness measurements of the experimental features. There 
are three sets of measurements: non-machined surface (mechanically polished), 5 mm 
square and 0.5 mm square.
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Figure 6.7 Cross-sectional diagram of the electropolishing setup
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Non-machined
surface
5 mm square 0.5 mm square
Test 1 Test 2 Test 3 Test 1 Test 2 Test 3
Initial
(Ultrasonic
bath)
0 .1 1 1.83 1.76 1 .8 6 2.43 2.60 2.54
Pickling 0.17 1.63 1.69 1.78 2.46 2.63 2.44
ECP 0.14 0.92 0.77 0 .8 8 1.92 1.69 1.71
Average improvement, % 53 30
Table 6.3 Results from surface roughness R* [jim] measurements
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It is important to emphasise on the results obtained from the mechanically polished 
surface. The surface roughness in this case actually did not improve, and in fact 
shows a slight increase. The initial roughness is equal to 0.11 pm and it rises to 0.17 
after the pickling process. The electrochemical polishing improves to some extent 
and gives the final value of R* = 0.14 pm. The explanation for this effect is separated 
between the two cleaning processes. First the pickling process is not really expected 
to improve the surface roughness and by removing scales and oxides, it marginally 
worsens the initial polishing. The electro-chemical polishing on the other hand, is 
highly effective in a given range of surface finish, and with the low value provided 
from the preceding mechanical polishing process, the electrochemical process can 
only provide a little improvement.
In contrast, the 5 mm square shows a good improvement of the surface resulting from 
the ECP process. Although, there is a marginal improvement from the pickling 
process, the largest advance is provided from ECP. In total, the final surface finish is 
improved by 53% compared to the initial surface.
On the other hand, the 0.5 mm square has an even higher initial roughness Ra = 2.52 
pm on average. Compared to the average 1.83 pm for the larger feature, this gives a 
starting point that is almost 30% worse. And the results obtained are in accordance, 
by only managing to reach an improvement of 30% when comparing the 
electrochemical polished surface and the original surface.
It has to be mentioned that due to the small size of the 0.5-mm features, there was a 
considerable shape deviation (see Figure 6 .8 a). Rather than obtaining a flat bottom
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S urface  Map
a). A bottom surface of the 0.5 mm test feature
Surface Map
Ti lt
77
b). A side wall of the 5 mm feature 
Figure 6 .8  3D view of electropolished surfaces
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surface, the resulting surface was closer to a dome. Thus all results from the surface 
measurements of these features include to some extent a measure of this shape 
distortion. This defect is common for all laser milled features, and is due to the higher 
power delivered from the laser to the workpiece at the beginning of each new laser 
traverse. Figure 6 .8 b shows a 3D view of a side wall taken from the large 5-mm 
feature. The same recess close to the side wall can be also observed on this feature, 
thus the surface measurements were taken away from the walls to avoid any erroneous 
results. A beneficial effect on the laser milled features resulting from ECP is also 
noticeable on Figure 6 .8 b. This effect is the removal of the burrs that occur along the 
top edge of the structure after laser machining. The electro polishing completely 
removes any burr formations, which are obviously an undesirable outcome from the 
laser milling process.
6.4 Summary
This chapter introduces four different techniques aimed at cleaning and generally 
improving the surface roughness o f laser milled surfaces.
The laser cleaning technique utilises the de-focused laser beam to traverse the 
workpiece surface very much the same way as in normal laser machining. As a result 
only a fraction of the normal machining power density is achieved, therefore the beam 
does not remove material from the target, and still is powerful enough to melt and 
smooth out any surface irregularities. But as with all laser machining processes, the 
result obtained from this technique is highly dependent on the target material. Two 
different materials, industrial copper and stainless steel 316 were selected for testing
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the laser cleaning method, with controversial results. An experiment was carried out 
on two test materials to investigate the effects of laser cleaning on the final surface 
roughness. Laser milling produces a high surface roughness on Copper, and the 
subsequent laser cleaning has a small to no effect at all. On the contrary, the stainless 
steel sample attains a lower surface finish, and then improves on it by the laser 
cleaning process with almost 30%.
Ultrasonic cleaning baths have been utilised in the semiconductor industry to clean 
debris and contaminants for some time now. In this chapter was demonstrated the 
application of such equipment to clean away the debris created from the laser milling 
process. The final result displayed a considerable improvement on the target surface 
by cleaning the test features and the surroundings without any detrimental effects, 
usually associated with mechanical cleaning or brushing.
The third process, pickling, is a chemical process through which the target surface is 
cleaned from various types of surface inclusions. Generally, metals are immersed into 
solutions of acids which react with metal, metal oxides and heat-treat scale. In this 
way, after pickling, the targets have surfaces that are free from any traces of foreign 
materials and can be easily electro-chemically polished. The process displayed a 
controversial effect on the surface roughness, but is required by the subsequent 
electro-chemical polishing process. On the other hand, pickling proved to be the best 
option for cleaning hard and difficult to remove recast layers formed on the target 
surface from the laser machining.
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The electro-chemical polishing process is directed mainly at improving the surface 
roughness. Although, electro-chemical polishing displayed some restrictions when 
polishing micro features, it still managed to improve the surface by over 30 %. 
Nevertheless, the achieved improvement of the surface finish through electro­
chemical polishing can provide high enough surface standards for laser milled micro 
features to satisfy the requirements of the micro-manufacturing processes.
ECP also improves on the edges o f the laser machined structures by removing the 
burrs that are typically left from the laser milling.
-163-
Chapter 7 Contributions, conclusions and future work
7.1 Contributions
The laser milling process has been investigated against the requirements of the micro­
replication processes. The set of requirements that were analysed in this work are:
• Surface finish
• Aspect ratio
• Accuracy
• Minimum feature size
The laser milling process was tested to identify its capabilities in the specified 
characteristics. The best surface roughness that was achieved in the presented 
experimental work was Ra = 1 pm, which was an improvement for the laser milling 
process, which usually produces Ra = 2 pm. However, the achieved roughness is still 
high for the replication processes, due to the fact that the polymer replication 
processes copy the surface topography almost perfectly. High surface roughness 
results in a texturing effect being replicated onto the components. It was concluded 
that further investigation is required to improve the surface finish produced by the 
laser milling process.
The aspect ratio that can be reproduced by hot embossing or microinjection moulding 
is much higher than laser ablation can give. Aspect ratios of 2.25 for gaps and 3 for 
walls are in the low range. Nevertheless, the achieved result is still impressive given
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the tooling material used, and the fact that the only competition comes from the 
silicon based manufacturing processes, such as lithography.
The laser milling accuracy is proved to be highly dependent on the laser machining 
parameters and more importantly on the target material used. During the trials, the 
machined features were all within the expected tolerance of 50 pm, and copper proved 
to be a considerable improvement by achieving accuracy within a 25-pm tolerance.
The minimum feature size obtained from laser machining on the specially designed 
test structures made it obvious that the thermal nature of the laser milling process is 
the only obstacle to machining micro grooves and walls. However, the process was 
capable of machining vertical walls of 40 pm thickness with an aspect ratio of 3. The 
micro grooves proved to be more difficult, and the smallest width groves machined to 
the full depth were 80 pm.
The surface roughness was expected to be a strong challenge for the laser milling 
process. Thus, the factors and process parameters that govern the resulting surface 
topography were investigated in-depth. The average surface roughness achieved by 
laser milling is in the region o f 2 pm, but this shows a high dependency on the type of 
target material used. A laser material interaction model of the material removal 
process is developed to investigate the influence of the process parameters. The 
model is based on the generation of heat in the target, resulting from a laser pulse. A 
numerical solution of the problem is applied and the obtained results were confirmed 
with a validation experiment on two different tooling materials. The results obtained 
from the crater depth experiments were in agreement with the simulation results for
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both target materials. The simulation results were used to investigate the effects of 
laser pulses with different fluence levels.
The surface model provides a comprehensive view of the topography formation of the 
laser machined surfaces and is used to identify the effects and importance of the 
different laser milling parameters on the surface roughness. The parameters 
investigated are marking speed, laser pulse frequency and hatching distance, i.e. crater 
overlapping, as these are expected to be most influential on the formation of the more 
complex (3D) surface topography. The base surface formation is investigated with 
the help of 3D CAD models, providing an analysis tool for the operational 
overlapping in both x- and y-directions of idealised craters. An analysis of the effects 
on the surface roughness of such process parameters as scanning speed and hatching 
distance is performed. The single crater profile, and indirectly the laser power, is also 
investigated, and is shown to be an influential factor in formation of the base surface 
topography.
The secondary surface formations generally refer to factors that are detrimental to the 
surface finish achieved in laser milling. The factors studied here are volume and size 
of debris and recast formations, and the crater shape imperfections. The volume and 
height of the debris and recasts deposited around the single crater is measured and 
compared to the volume of the crater. The crater shape itself inherits considerable 
distortions compared to the idealised crater used earlier. The quality of the laser beam 
and the optical properties of the beam path contribute to a deformed power 
distribution that plays an influential role in the formation of the crater achieved 
through laser milling.
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A number of techniques for cleaning and improving the surface roughness have been 
proposed and investigated: laser cleaning, ultrasound bath, deoxidisation (or pickling), 
and electrochemical polishing. The ultrasound bath and deoxidisation processes offer 
a non-intrusive means of cleaning the debris and recast layer left from laser milling. 
These processes proved to be powerful tools in cleaning the laser milled samples, and 
still preserve the sometimes fragile micro structures. More importantly, pickling 
proved to be the best option for cleaning hard and difficult to remove the recast layer 
formed on the target surface from the laser machining.
Laser cleaning is a process based on the laser milling principles, but with a set-up that 
positions the laser beam out of focus in the work plane. Thus, the laser only “irons 
out” the surface irregularities left from the preceding laser milling. The laser cleaning 
process produced controversial results and again the choice of the target material 
made the difference. Two materials were selected for testing the cleaning capabilities 
of the process, and the copper sample did not show an improvement of the surface 
finish after laser cleaning. The 316 stainless steel sample, on the other hand, shows 
an improvement of the surface roughness with almost 30 % at a laser offset equal to ± 
1 mm.
Electrochemical polishing streamlines the microscopic surface of a metal object by 
removing metal from the object's surface through an electrochemical process. In very 
basic terms, the object to be electrochemically polished is immersed in an electrolyte 
and subjected to a direct electrical current. The object is maintained anodic, with the 
cathodic connection being made to a nearby metal conductor. Therefore, the
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electrochemical polishing process is directed mainly at improving the surface 
roughness of laser milled features. Although, the ECP displayed some restrictions 
when polishing micro features, it still managed to improve the surface roughness by 
over 30 %. Nevertheless, the achieved improvement of the surface finish through 
ECP, can provide a low enough surface for laser milled micro features to satisfy the 
requirements of the micro-manufacturing processes.
7.2 Conclusions
Laser milling provides an efficient and highly competitive alternative to current 
micro-tooling processes, such as LIGA. The main advantages offered by laser milling 
are the capability to machine a wide variety of tooling materials, freeform 3D 
geometry and micro sized features.
When comparing the laser milling capabilities to the requirements raised from the 
micro-manufacturing process, it has to be concluded that although laser milling 
cannot compete with silicon-based tooling processes, it can still provide a competent 
alternative in the current market place.
The four major tooling characteristics considered in the present work pose a challenge 
that pushes the laser milling capabilities to its limits. Still the process provides an 
adequate accuracy and aspect ratio, while the feature size is more than satisfactory for 
the current target applications. The capability of manufacturing features with vertical 
walls is another advantage for laser milling. On the other hand, the surface finish 
proved to be an obstacle that required further investigation.
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The proposed theoretical model was successfully applied to investigate the single 
craters created from a laser pulse. The crater profiles for two target materials were in 
agreement with the validation experiment. The modelling of a 3D surface, based on 
the crater profiles, provided a tool for investigating the effects of the scanning speed 
and the hatching distance, on the final surface topography.
Nevertheless, the laser milling process requires post-process cleaning to be 
performed. The four proposed cleaning techniques supply means for not only 
cleaning the debris and recast formations, but also improving the surface finish 
considerably.
7.3 Further work
A marked improvement on all aspects of the laser milling process is expected from 
changing the laser source to a lower wavelength and shorter pulse duration. Pico and 
femtosecond lasers are emerging with very promising manufacturing characteristics 
and they offer many advantages compared to the microsecond laser. Initial reports 
give a surface roughness for a surface machined by a picosecond laser to be around 
the 0.3 pm.
The application of a megasonic bath to clean the debris and loose contaminants also 
looks to provide a cleaning alternative which requires investigation.
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Appendix A
DML 40 SI Laser milling machine
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Figure A.l The DML 40 SI laser milling machine
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Machining area
X axis travel 400 mm
Y axis travel 300 mm
X axis travel 500 mm
Table size 300 x400 mm
Max table load 50 kg
Operation distance 60 mm
Laser source characteristics
Type Nd:YAG
Wavelength 1064 nm
Pulse Q-Switch
Output modes
Continuous wave (CW)
Pulse operation (QS) 0.1 -  50 kHz
CW output power 100 W
QS output power
200 kW/pulse at 1 kHz 
40 kW/pulse at 10 kHz
Energy density Up to 2x 104 J/mz
Average power density Up to 10° W/riT
Peak power density of a single pulse at 10 
kHz Up to 5 x 10" W/m2
Scanning speed Up to 500 mm/s
Laser working area
Maximum machining depth 10 mm
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Beam spot diameter 0.04-0.1 mm
Table A.l Technical specifications of the DML 40 SI
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Appendix B
Accuracy Experiment Test Structure
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Appendix C
Results from laser cleaning of copper
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